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FOREWORD

The Aerojet Liquid Rocket Company (ALRC) submits this report as a part of the
Contract NAS 9-15968, Combustion Performance and Heat Transfer Characteriza-
tion of LOX/Hydrocarbon Type Propellants.

The program was conducted for the NASA-Johnson Space Center under the cogni~
zance of M, F, Lausten and W. C. Boyd, technical monitors. ALRC management.
included J. W, Salmon and R. W. Michel, program managers, and R. S. Gross, L,
Schoenman, and S. W. Hart, project engineers for Tasks I, 11, a d IlI,
respectively,

Supporting ALRC personnel 1include:
Analysis: S. Bucella, R. L, Ewen, J. C. Fang, G. M. Meagher,

J. L. Pieper, R, L, Sabiers, C. F. Taylor,
W. R. Thompson, R. E. Walker

Design: L. L. Lang, D. E, Lemke, K. Y. Wong
Test: B. W. Cathroe, A. R. Keller, R, J. Pruett,

D. C. Rousar
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ABSTRACT

This program, Combustion Performance and Heat Transfer Characterization of
LOX/Hydrocarbon Type Propellants, Contract NAS 9-15958, was undertaken to
evaluate 11quid oxygen and various hydrocarbon fuels as low cost alternative
propellants suitable for future space transportation system applications, The
emphasis of the program 1s directed toward low earth orbit maneuvering engine
and reaction control engine.systems.

The feasibility of regeneratively cooling an orbit maneuvering thruster was
analytically determined over a ranfe of operating conditions from 100 to 1000
psia chamber pressure and 1000 to 10,000-1bF thrust, and specific design
points.were analyzed in detail for propane, methane, RP-1, ammonia, and
ethanol; similar design point studies were performed for a fiimcooled reac-
tion control thruster,

Heat transfer characteristics of propane were experimentally evaluated in
heated tube tests. Forced convection heat transfer coefficients were deter-
mined over the range of fluid conditions encompassed by 450 to 1800 psia,
-250 to +250°F, and 50 to 150 ft/sec, with wall temperatures from ambient to
1200°F, and heat fluxes to 10 Btu/in.2sec. Nucleate boiling and coking
were also evaluated,

Seventy-seven hot firing tests were conducted with LOX/propane and LOX/
ethanol, for a total duration of nearly 1400 seconds, using both heat sink
and water-cooled calorimetric chambers. Combustion performance and stability
and gas-side heat transfer characteristics were evaluated. Four injectors
were tested: two with conventional like-on-1ike doublet and OFO triplet
elements, and two with unconventional platelet elements. F1ilm cooling was
also assessed. The combustion chamber was sized for a nominal thrust of
1000-1bF at 300 psia chamber pressure, and testing spanned a significant
range of chamber pressure and propellant mixture ratio conditions.
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| I, INTRODUCTION
| A.  PROGRAM OBUECTIVES '

The objactives of this program ware to evaluate and characterize candidate
Hquid oxygen/hydrocarbon fuel combinations, and to establish a technology
base for these propellants that would guide the selettion of hydrocarbon
fuels in future spaca transportation system applications,

by While the program results are pertinent to any size 1iquid rocket engine, the

‘ grogram was directed toward that thrust range representative of the current
eaction Control System (RCS) and Orbit Maneuvering System (OMS) engines on
the Space Shuttla.

The current RCS and OMS propellants -- nitrogen tetroxide and monomethy |
hydrazine -- have several drawbacks: high cost, potential unavailability due
| to 1imited manufacture, formation of carcinogenic intermediates during manu-
? facture, toxicity, handling difficulties, and associated-handling require-
ments,

tv”

; ij The current storable propellant combination was selected over 1iquid

' oxygen/1iquid hydrogen, which offered much higher performance but was con-

. strained by the volume re?uirements of the fuel, as well as over 1liquid

1 oxygen/Rydrocarbon fuel alternatives, for which the technology base was gen- ;
. erally lacking. The storable propellants had a large technology base, and o

the simple pressure-fed engine systems promised high reliability and minima) I
development cost. L

Engine development cost and recurring operational costs are key factors in o
the overall cost of a space transportation system. Low-cost easily handled !
pr:ge1lants. typified by oxygen/hydrocarbons, and reusable engine systems o
combine to minimize operational costs. Development costs can, in part, be

minimized by the judicious selection of the propellants; that selection pre-

supposes a substantial technology base. The intent of this program is to : i
contribute to such a base, :

B. PROGRAM SUMMARY

R MO s i e S R Ry

The pro?ram was conducted over a forty month period, beginning in October
1979, It consisted of three major task areas; as described below. These task
areas are documented in three comprehensive data dumps, References (1), (2),
and (3). This final report is in two volumes. Volume I presents Tasks I and
ITI; Volume Il presents Tasks I! and IV.

TASK 1 - REGENERATIVE COOLING CHARACTERIZATION i

v mi— e
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" This task comprised two subtasks. First, forced convection and nucleate
35 boiling heat transfer deta and correlations available in the literature for
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I, A, Program ObJectivas (cont,)

candidate hydrocarben fuels werc reviewed. Those candidates included pro~
pane, methane, RP=1, and ammonia, Reganerative chamber cooling analyses
ware then conducted to compare the coeling capabilities of each fuol and
determine the operating point (thrust and chamber pressure) 1imits imposed
thereby, Sacond, heated tube tests ware performed to determine the heat
transfer characteristics and the coking behavior of propane. both com-
mercial grade and instrument. grade,

TASKS I AND IV - SUBSCALE INJECTOR CHARACTERIZATION

Tasks II and IV involved the design, fabrication, testing and data analysis
of subscale Wardware, 1.0., nominal thrust of 1000-1bF, to evaluate the com-
bustion. parformance, stability, and gas-side heat transfer characteristics of
Tiquid oxygen/hydrocarbon propellants. Four injector patterns were tested,
including conventional OF0 triplets and like-on-1ike doublets, and unconven-
tional platelet patterns in which fuel swirler elements were located within
pairs of drilled orifice or splashplate oxidizer elements. Heat sink and
water-cooled calorimeter chambers weré utilized, and a removable chamber sec-
tion was used with the former to allow evaluation of chamber length effects.,
A fuel f1lim coolant ring was used in conjunction with the triplet and plate-
letb1?$ectors. An adjustable accoustic cavity section provided combustion
sta ty.

Seventy-seven. tests wera conducted, with a total duration of approximately
1370 seconds. Both propane and ethanol were tested, the latter with gaseous
as well as 1iquid oxygen. Chamber pressure and mixture ratio were varied
widely to assess operating point effects.

TASK 111 = PRELIMINARY ENGINE SYSTEM CHARACTERIZATION

In Task ITl numerous engine operating points were analyzad to determine
engine performance and weight figures for orbit maneuvering and reaction con-
trol system thrusters. The work built upon the regenerative cooling studies
of Task I, updated for the propane heat transfer correlation derived empiric-
ally in that task, and extended to include turbomachinery for pump-fed sys-
tems, alternative chamber materials for the orbit maneuvering thruster, and
f11m cooling for the reaction control thrusters. Thruster envelopes were
defined by the current engines on the Space Shuttile.

C. PROGRAM CONTRIBUTIONS TO NASA OBJECTIVES

This grogram significantly enlarges the technology base for LOX/Hydrocarbon
propellants and 1s an important step towards a LOX/Hydrocarbon axuiliary
propulsion system. A nrumber of additional steps is obviously necessary for
that system to bacome a reality.,
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I, Gy Program Cantributtons to NASA Objactives (cont.,)

Spocific rasults and conclusions develaped 1n the pragram are summarized
below. The extensive oxperienco gatned in the dosign, analysis, and testing
of hardware for thaso propeilants algso contributes to tha tochnology baso but
cannot be readily quantified,

Hot fire taesting went smoothly and was quite successful. High combustion
performance was achieved with conventional as well as unconventional 1n$ector
elemants and stable combustion was readily obtained with acoustic cavities,
However, chamber ?as-s1de heat fluxes were considerbly higher than values
based on standardized predictive methods. Apart from this, there were no big
surprises, and the design of high performance, stable, regeneratively=-cooled
E??%?t ?h?mbers does not appear to present any unusual or {nsurmountable
culties.,

Perhaps the biggest disappﬁointnent == in terms of using LOX/hydrocarbon pro-
pellants for the APS was the low wall temperature threshold determined for
coking of propane. This, combined with propane's incompatibility with copper,
the material of choice for high pressure regeneratively cooled chambers
because of 1ts high thermal conductivity, may eliminate propane as a candi-
date propellant. This would be unfortunate, because propane otherwise offers

a*desirabtancombination of high combustion performance and high mass den-
sity.

On the analytical side, the engine point designs generated in this program,
in conjunction with the system point design studies conducted in Reference
(4) =< to which the Task III results were input -- strongly support any
future selection of propellant, operating point, engine cycle, and degree of
system integration, The approach here was to first consider the flow and
pressure drop requirements of the thrust chamber and injector and then work
upstream to the turbopump requirements and/or tank conditions, overall engine
pe::o;magia and weight, and finally in the Reference (4) program te system
optimization.
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. RESULTS AND CONCLUSIONS
Av  TASK I - REGENERATIVE COOLING CHARACTERIZATION

i, The parametric regenaerative coeling analysis showad the follewing for
the four candidate fuels:

(a) Mathano: either vagor phase or suqercrit1ca1 prassure fluid is an
acceptablo coolant at higher thrust levals ever the entira range of chamber
pressure without the neod for additional filme=cooling. Subcritical praessures
are unacceptable because -of the 1imited subcooling.

(b) Propane: either vapor phase or supercritical pressure fluid 1s accept-
able at higher thrust levels without additional f11m cooling. Subcritical
pressures are unacceptable because-of low burnout heat flux.,

(¢) RP«1: because of low coking temperature, RP=1 {s not a satisfactory
coolant, .

(g% Ammonia: efther 1iquid (nucleate boiling) or vapor phase {s accept-
able.

2, Sufficient heat can be picked up in the nozzle to vaporize the fuel -=
in the case of methane and propane only =~ to allow vapor-phase cooling of
the combustion chamber,

3. Heated-tube testing of propane resulted in a forced convection corre-
lation that grouped 95% of the data within +24%, Limited f1lm and nucleate
boi1ing data were obtainad; burnout heat flux was found to be considerably
higher than an extrapolation of available low flux data would predict.

4, Coking 1n the heated tube tests occurred at wall temperatures less
than 500°F; coking rate was comparable to gubiished data for RP-1, Propane
purity affected the rate but not the threshold temperdture of coking,

B. TASKS 11 AND IV - SUBSCALE INJECTOR CHARACTER:ZATION

1, Tha like-on-1ike injector pattern was fired with LOX/propane in a
heat-sink chamber and found to be low-perforiing, as a result of both poor
atomization and poor mixing., The combustion was bomb-steble,

2, The OFO triplet injector was fired with both LOX/propane and LOX/
ethariol in both heat-sink and water-cooled calorimeter chambers. In the
calorimeter chamber 1t was tested with and without fuel fiim-cooling, Per-
formance was very high with LOX/propane, for which the unit was designed, and
stightly Tower with LOX/ethanol due to non-optimum propellant momentum match,
Combustion was stable with both propellant combinations.
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11, B, Task II and IV -~ Subscale Injector Gharacterization (eont.)

3. One platelet injoctor was designed for 1iquid-phase injoct’on of LOX/
ethanol; the injoctor pattern consistod of a swirler fuc: olement within two
sp?ashg1ata oxidizer eloments. Although this unit achieved high gerformanca.
propellant blcwa?art apparently occurred, causing the outer ger1p ery to be
oxidizer=rich, The addition of fue)l filmecoolant increased the gas-gide heat
flux as well as injector porformance.

4, The other platelet injoctor was designed for gaseous oxygen (GOX)/
ethanol injection. The pattern consisted of a fuel swirler element within
two drilled oxidizer orifices. This injector achieved high performance with
ambient temperature propellant .and siightly reduced performance at ‘¢~
(-130°F) temperature.

5. Throat heat fluxes experienced with. ethanol were considerably hig-:
than would be predicted with the standardized pipe=flow correletin, °
inferred correlating coefficient (Cg) was approximately 77 -~ . v than sould
be expected for storable propellants. The correlati'c - '\ - ,ert for
ethancl was found to be extremely sensitive to mixt: o .atio.

6, Carbon deposition in the acoustic cavities with LOX/propane was exten~-
sive to the point that acoustic damping capabilities could be lost. Film-

coolant injection from the forward end of the cavities reduced the amount of
carbon deposition within the cavities.

7. Carbon deposition on the chamber wall occurred only with LOX/propane
and was largaly lost during the start and/or shutdown transients. Engine
re‘tart was marked by a return to clean-wall heat flux conditions, followed
by a progressive decay as the deposition layer increased. As a result, the
thermal resistance of the deposition layer cannot be assumed for design
purposes to 1imit gs-side wall temperatures to less than clean-wall values.

8. Garbon deposition was negligible with LOX or GOX/ethanol. The exhaust
plum was clear whereas with LOX/propane it was not. :

. TASK 111 - PRELIMINARY ENGINE SYSTEM CHARACTERIZATION

1, Design point analyses for ten different concepts (propellant combina-
tions and operating points) invelving a pressure-fed regeneratively-cooled
orbit maneuvering engine showed the following:

fa) : Mathane, with vapor-phase cooling, offers the highest specific
mpulse.
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11, €, Task-I11l=Ppelimnary Engine System Characterizatiocn (cont.)

(b)  Propane performance, with vapor-phase cooling, is nearly as high but
is severely degraded with 1iquid=phase cooling due to high filmecooling
requirements., .

(c) Ethyl alcohol requires no fitm cooling but the performance is lower
thun that of Yiquid propane.

2, Analyses of twenty-eight concepts involving a pump-fed,
regeneratively-cooled orbit maneuvering engine showed the following:

(a)  The highest performance 1s—again obtained for methane.
(b) Performance with propane is slightly lower.

(c) Performance of all twelve methane and propane concepts is within a .
range of 10 sec Isp, over a large range of thrust and chamber pressure,

(d) Ethyl alcohol performance is lower than that of methane or propane,
and the performance of ammonia is only slightly higher than that of .a
pressure~-fed storable propellant engine.

(e) In light of the propane/copper compatibility issue, nickel wes exam-
ined as an alternative (to copper) chamber wall material and is found suit-
able to about 400 psia chamber pressure without the use of film-cooling.

(f) Regenerative cooling with 1iquid oxygen is feasible at high chamber
pressures, 1f required because of fuel-cooling 1imitations.

(g)  Subcooling the propane could eliminate the need for boost pumps.

3. Analyses of twelve concepts for the film cooled reaction control
engine and vernier engine showed the following:

(a) The trend of performance for the candidate fuels is similar to that

for regeneratively cooled thrusters: methane, propane, ethyl alcohol, and
ammonia.

(b) Film-coolant requirements center around 20% of the fuel for the reac-
tion control thruster regardless of fuel or chamber pressure,




I1I.  RECOMMENDATIONS

A. Investigate the causes of propane coking == impurities, catalytic
effects, etc.

B, Develop solutions to the incompatidility of prepane and copper, such
as coatings, alloys, fuel additives, etec.

C. Characterize coking thresholds and heat transfer of methane and
ethanol.,

D. Develop correlations for gas-side soot formation of LOX/methane and
LOX/propane.

E. Characterize gas-side heat transfer for these propellants (typically
higher heat transfer rates are measured than would be predicted with standard
formulations). Also, characterize film-cooling behavior,

Feo Address fuel-rich combustion behavior as applicable to gas generator
and turbopump devices.

G. Evaluate the cost aspects and systems issues (handling, etc.) associ-
ated with LOX/hydrocarbon propellants.

H. Pursue the explanation for anomalous behavior observed during testing:
(1) the requirement for higher oxidizer-to-fuel momentum ratios to achieve
optimum performance in hot-fire tests than would be predicted on the basis of
cold-flow test results; (2) the exceptionally high throat heat fluxes
observed in the ethanol firings; (3) the increased carbon deposition éffect
noted with LOX/propane at higher mass flux (chamber pressure).

,@;¥ﬁ93553>;




IV,  TECHNICAL DISCUSSION
A.  TASK 1 - REGENFRATIVE COOLING CHARACTERIZATION...

‘Task I comprised two subtasks, which are discussed separately. These sub~
tasks are:

Task 1.1 - Cooling Correlation and Comparison
Task. 1,2 - Experimental Meat Transfer nvestigation

B. TASK Y.1 = COOLING CORRELATION AND COMPARISON
1, Objectives
The objectives of Task 1.1 were to:

(a) Conduct a literature review of the cooling characteristics of propane,
methane, RP-1, and ammonia.

(b) Determine the feasibility of regenerative cooling for the four fuetls
over a range of thrust from 1000 to 10,000-1bF and a range in chamber pres=
sure from 100 to 1000 psia.

(¢) Specify operating conditions for which heatéd-tube testing is required
to characterize or corroborate heat transfer.behavior of the four fuels.

2. Scope

Numerous point studies were made to determine regenerative cooling feasibil-
ity at various thrust levels, chamber precsures, and coolant states, The
following table provides an overview of the scope of these pofnt studies:

# Thrust # Chamber

Coolant Coolant State # Cases Levels Pressures

Propane Supercritical Pressure 16 4 4

Propane Subcritical Pressure - 24 4 5
Vapor

Propane Suberitical Pressure - 11 2 2
Liquid

Methane Supercritical Pressure 6 4 4

Methane Subcritical Ppessure - 6 4 3
Vapor

RP=-1 Supercritical Pressure 6 2 2

RP-1 Subcritical Pressure - 1 1 1
Liquid

Ammonia Subcritical Pressure - 4 3 3
Liquid

skl b dabitd 4 <o
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IV, B, Task 1.k - Caooling Corretation and Comparisen (cont.)

3. Appreach

The seventy=-four cases above were analyzed with the SCALER Computer Program
for forced convection cases and with a modified version of the program,
BOSCALE, for nucleate boiling cases. These two programs were developed by
ALRC specifically for parametric design studies. With the programs it 1is
economic to generate a relatively large number of point studies and stil)
ob?a:n a d$ta11ed multi-station analysis of a rectangular channel at each
axial station,

The SCALER program scales the chamber geometry and the local gas-side heat
transfer coefficients and coolant heat loads from reference input to other
thrust and chamber pressures. The coolant channel geometry parameters are
prescribed together with channel material(s) and their temperature-dependent
properties and the coolant-side Reat transfer correlation(s). Two-
dimensional heat conduction around the coolant channel is included providing
a fin effectivity which results in a transformation of the gas-side heat flux
to a lower-valued coolant-side flux. At each station, the program iterates
to determine the channel depth required for satisfying (1) a gas-side wall
temperature 1imit, which can be specified as a function of closeout wall
temperature with cycle 11fe and eep criteria, and (2) an optional coolant-
side wall temperature 1imit, such as the coking temperature of the coolant.
The only simplifying assumption is that gas-side wall temperature differences
between the reference input and the scaled cases have a negligible effect on
gas-side heat transfer coefficients and heat loads. Normally, gas-side wall
temperature 1imits are well-known in advance, so that local reference gas-
side heat transfer analyses can be run at appropriate wall temperatures.

The BOSCALE program was written during this study to include subcooled nucle-
ate boiling and burnout heat flux as parameters. The program defines the
coolant velocity required at an. axial station on the basis of a specified
burnout safety factor. Iteration on channel depth thus satisfies both the
gas;s;?e w?}li:emperature Timit, as in SCALER, as well as the coolant-side

ea ux limit,

4,  Groundrules and Assumptions

a. Thrust Chamber Design

The thrust chamber geometry assumed for all point designs is {1lustrated in
Figure 1, Chamber length (1') was taken to be 10 to 11 in. The nozzle con-
tour is that of a 400:1 area ratio 90% bell nozzle. The regeneratively cooled
section extends to the Eoint of maximum allowable temperature (2755°F) for a
coated columbium skirt based on 15 hour 1ife considerations. The attachment
area ratio {s calculated from a simple energy balance:
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1V, B, Task 1.1 = Cooling Correlation and Comparison (cont.)

hg (Tp = Tyg ) = ce (1 + f) Tyg?

where hg s the heat transfer coefficient, Tp and Tyq are the recovery
and wall temperatures, ¢ is the Stephan-Boltzman congtant. e is the emissiv~-
ity, and f 18 the internal view factor to the nozzle exit plane.. .

be Coolant Channel Design

A typical rectangutar coolant channel layout is shown in Figure 2. Normelly,
each set of input parameters (i.e., inlet pressure and.bulk temperature)
requires an iterative optimization of station channel and land dimensions to
minimize pressure‘drog and provide the most effective cooling. Such an opti-
mization was beyond the scope of this parametric study but several channel
designs were utilized as approximations for the needs of a broad categoriza-
tion of heat transfer regimés and coolant states (e.g., dense single-phase
supercritical superheated vapor, etc.). Configuration details of these chan-
nel designs are summarized on Table I. .

In order to minimize maldistribution of flow resulting from typical dimen-
sfonal tolerances, a channel depth of 0,030 in. was selected as the minimum
representative of a feasible channel design. Channel depths of 0.020 to 0,030
in. were considered marginal in that, with optimization, satisfactory mini-
mum depths.of 0.020 in., might be obtained. Channel depths less than 0,020
in, were considered beyond improvement to the minimum depth.

For the hydrocarbon fuels, zirconium copper (Zr-Cu) was selected as the gas-
side 1iner material, with an electroformed nickel outer wall. Because of the
incompatibility of ammonia and copper, 304L stainless steel was selected for
the ammonia design cases. Gas-side wall temperature limits for Zr-Cu were
set by Figure 3, which is based on creep and cycle 1ife considerations; gas-
side wall thickness requirements were based on Figure 4., Similar design
charts were used for 304L stainless steel.

C. Gas-Side Heat Transfer

Throat Reynolds numbers in this study covered a range which yields three
boundary layer flow regimes. At high Reynolds number the flow is fully tur-
bulent; at low Reynolds number, acceleration effects are strong enough to
cause the boundary lager to undergo reverse transition to laminar flow. At
moderate Reynolds number, the transition process {is started but not completed
in the convergent section; the transition process spans the Reynolds number
range of 6 to 13 x 105, Figure 5 displays the the three flow regimes over
the thrust chamber pressure map of interest to this study.
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IV, B, Task I.1 ~ Caoling Correlation and Comparison (cont.)

In the fully turbulent regime, the hoat transfar coafficient was calculated
from the standard pipe flow correlation, as 11Justrated by Figura 6, The
doecrease 1n thoe correlating coefficient ropresents the offects of flow accel=
aration, In the laminar flew rogime, a laminar heat transfar correlation was
used, and 1n the transition region, the Yaminar and turbulent hoat transfer
coefficiants were waighted on the basis of throat Stanton numbers bascd on
laminar and turbulent formulations. ‘

Heat flux reduction due to carbeon deposition on the gas-side was accounted
for by a factor that was used only for calculation of the coolant bulk temp-
arature rise and not for calculation of local wall temperatures (due to
potential local spalling of the deposition ‘ayer). The following multiplying
factors were used:

F sthane: 0,765
Propane: 0.42
RP=1: 0.2%
Ammonia: 1.00

The factors for the hydrocarbon fuels were based on the hydrogen/carbon
ratio, following the approach of Reference 5; a value of 1,0 ?no reduction)
was also evaluated for the hydrocarbon fuels.

d. Coolant-Side Heat Transfer

Forced conivection of methane and propane at supercritical pressures was
zgpresented by the correlation developed by ALRC for supercritical oxygen

(] 1

p c
fuy = 0.025 Re, Pr, 0+4 (ET:.)O~5 (%)0.5 (r;_; 0.67 (b__

-0.2
21+ 2
crit) (s ETE)

?;1 ot;§r forced convection situations were represented by the Hines equation
ef, 7):

NUb L4 0.005 Reb 0095 Prb 0.4

The burnout heat flux correlations for propane, based on Reference 8 and
derived by ALRC were:

Mg = 0,3 + 0,0004 V aTgyp, V ATgyp < 1000
= 0,58 + 0,00012 V 4T, V aTgyp > 1000

17
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IV, 8, Task I,} = Coaling Corralation and Comparison (eont,)

whore: V = coolant volocity, ft/soc
ATcub ® eoolant subecooling, °F .
B0 " burnout hoat flux, Btu/in.? sec

These correlations wore Supported by Yimitod empirical data to:
V ATgyp = 3600°F ft/sec, with a spread of + 26%,

The burnout heat flux correlations for ammonia, based on Roferences 9 and 10,
and developed by ALRC, wera:

Pao = 2.15 + 0,00086 v a7y, v ATgyp < 4000
- 303 + 0.00058? V ATsub’ Tsub > 4000

These correlations are supported by data to V ATg,, = 14,000 ft/sec, with
a spread of +30%,

Coolant-side wall temperatures were 1imited by coking considerations to the
following values:

Propane: 800°F
Methane: 1300°F
RP-1:  850°F

5. Results

Results for the various point designs are displayed gréph1ca11y on Figure 7 -
and summarized on Tables 1 through VIII, Figure 8 defines the locations of
temperatures and flux values Tdentified on tha tables,

Figure 9 compares the heat available in the nozzle to that required to vapor-

1ze all or part of the fuel so that the vagor-phase fluid can be made avail-
able for cooling the combustion chamber. The intricacies of the coolant
state change in the nozzle were not addressed,

00 TASK 1.2 Ll HBATED TUBE TESTS

1, Objectives

The objectives of the heated tube testing were to (a) correlate the forced
convection behavior of sub- and supercritical pressure propane; (b) determine
the nucleate boiling and burnout heat flux characterization of subcritical

pressure propane; (c) investigate propane coking characteristics at elevated
wall temperatures.
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Figure 8. Nomenclature in Coolant Channel Thermal Analysis

35




aa

ER

B e
s

s

e TR =T

oy

;

-

u‘ i y

aa2

£ e

T

- prm— pr— P - 355 s F
( =1 =9 = T s v || s owmy =e|oTE

ORIGINAL FAGE (5

omons OF POOR GUALITY
HEAT REQ'D TO VAPORIZE
sl i .
i
B [ A e o oz
agg

FoakiONS) - =

F » 10K (OMS}
1 X 4. J
100 300 $00 700 800

CHAMBER PRESSURE - PSIA

o PROPANE
*NO CARBON O ATIENUATION IN NOZZLE
W,
A R0 TO vaPozt
i
g : HEAY REQ'D TO VAPORIZE T
) g - S0M BYPASS FLOW o WRE o)
-4 o 106
2e / "
» - —
- pEip—— ;
100 /// .
Z— F i RCS) :
1 i —3 — i — %o
CHAMBER PRESSURE - PSIA
o METHANE :
#NO CARBON Q ATTENUATION IN NGZZ
300
- HEATBEQD 10 vApoRize
3 Mﬁ- A
22"
L]
cgg i
=
1 | "\_ HEAT REQ'D To VAPORIZE
$0M BYPASS FLOW
1 Il 1 1
10 0 W ) )

CHAMBER PRESSURE - PSIA

»

F‘lgure 9. ’ Heat Av"l-'avl‘:wﬁity E\;éid.a‘ﬁﬂiﬂons

36

-
N L




LTebearete & e

TP e ava mehw

AT TS IR et A

o

L RS Al

- A TN e

v

F-iq

IV, G, Task 1.2 - Heated Tuhe Tests (cont,)

2, Scope

Twelve individual tests were conducted. These tests exceeded 18,500 sac in

duration and generated 840 {ndiv{dya) date points. Table IX summarizes test
conditions.,. .. '

Forced convection heat transfer coefficients were measured over the following
ranges:

Pressure: 450 to 1800 psia

Bulk Temperatures: =250 to +250°F
Velocity: 50 to 160 ft/sec

Heat Flux: 0.2 to 10 Btu/in.2 sec

Nucleate boiling coeffictents and critical heat fluxes were determined over
the following ranges: :

Pressure: 450 to 500 psia
Bulk Temperature: -240 to - 12°F

V ATgyp: 20,000 to 40,000% ft/sec
Coking was evaluated over the following ranges:
Pressure: 1800 psia

Bulk Temperature: 70 to 230°F
Wall Temperature: 350 to 1000°F

Velocities: 50, 150 ft/sec

Praopane Grade: Instrument (99,5%)
Natural (96%)

3. Results and Conclusions

A correlation for forced convection was developed which grouped 95% of the
data within +24%,

Only a limited amount of nucleate boiling data were obtained. The critical
heat flux values measured were significantly higher (80 to 100%) than pre-
dicted on the basis of extrapolation of published Tow V ATgyp data,

Coking was observed at wall temperatures as low as 500°F, Coking rates vere

comparable to those published (Ref, 11) for RP-1, Propane purity did not
affect the temperature threshold of coking, but did affect coking rate,
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IV, C, Task 1,2 - Heated Tube Tests (cont.)

4, Test Facility
a. ALRC Heat Transfer Test System

The heat transfer test facility, shown schematically in Figure 10, consists
of the following: 1) a 150 ?allon 6500 psi, vacuum=-jacketed, propane run
tank with a high-pressure helium pressurization system; 2) a jacketed run
1ine; 3) an enclosed, electrically heated test section; 4° 226 Kw DC power
supply; and 5) all necessary controls and instrumentation.

The test section apparatus was enclosed in a 1/2 in. thick aluminum box. The
test section enclosure was covered with an acrylic window and purged with dry
nitrogen to maintain an. inert atmosphere. During testing, the-test section
was monitored continuously with a closed-circuit television.

The test section was clamped into electrical connections cantilever-mounted
in the test section enclosure. The upper connection was supported with flex-
ures to permit axial movement of the heated test section tube due to thermal
expansion. To ensure free axial movement, a tension.force was applied to the
outlet end of the test section. The inlet of the test section was maintained
at ground polartity, and the outlet mixer incorporated electrical insulation
to {solate the test section from downstream.plumbing.

Flow control was accomplished using a 1/2 in. control valve at the test sec-
tion outlet, :

Bulk temperature control of the propane was provided by an LNz-driven heat
exchanger and recirculation pump system.

b, Test Sections

Electrically heated test sections were designed to give the greatest range of
test conditions and data points without exceeding the strength of the tube or
the capacity of the test facility.

The test section configuration, together with instrumentation locations for
all tests, is shown in Figure 11, With the exception of Test 111, where the
tes; sec:ion from the previous test was used, new test sections were used for
each test.

The installation of instrumentation in the test sections is shown in Figures
12 and 13, Pressure taps were located immediately upstream and downstream of
the test section and were connected to pressure transducers with 1/8 in, dia,
CRES tubing. Temperature was measured at five stations spaced at even incre-
ments along the outside wall of the heated section. Two measurements,

39 .
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IV, C, Task 1.2 ~ Heated Tube Tasts (cont.)

located 180° apart, were taken at each station and averaged, The thermo-
couples were @lectrically insulated from the “ube with a thin strip of Mica
to prevent voltage from the tube interfering with thermocouple readings. To
ensure good heat transfer betwcen the tube wall and the thermocouple; the
thermocoupies were spring-loadéd against the test section. Because the
thermocouples are not directly attached to the heated tube, the measured
temperature 1s somewhat lower than the actua} wall temperature, Calibration
tests for these configurations (Ref. 5) allow correlation of measured data
with actual wall temperature.

Ce Instrumentation

The measured parameters, together with. instrument type, are listed in Table
X. In addition to the standard low frequency measurements, high frequency
pressure transducers, installed in both inlet and outlet mixer sections, were
used to measure pressure oscillation resulting from abnormal flow or heat
transfer modes.

5, Haat Transfer Tests

The propane heated tube test program consisted of a total of twelve indivi-
dual tests. Each test was designed to cover as wide-a range of test condi-
tions and vartables as fluid flow time.would permit,

A detailed summary of all test conditions is presented in Table XI. At each
data point, five wall temperature measurements along the length of the tube
were recorded; these correspond to the thermocouple positions shown in Figure
11, Internal wall temperatures, calculated from the measured éxternal wall
temperatures, are listed in Table XII in conjunction with the calculated
local coolant parameters. The data points listed in Table XI are keyed to
%he test section local coolant parameters, shown in Table X11, through the

Tests 101-105 were all conducted at supercritical_pressure, covering a wide
range of coolant bulk temperature and velocity. Typical wall temperature
trends versus tnput heat flux for each test are plotted in Figure 14, Data
trends were similar in all tests, with the heat transfer coefficient
degrading at increased wall temperatures. Flow oscillations, shown shaded in

the plots, often occurred at higher wall temperatures, particularly at lower
pressures. .

Test 106 and tests 109 through 111 were ail conducted at subcritical pres-
sure. A typical wall temperature versus heat flux for these tests is pre-
sented in Figure 15, Data trends were similar in all tests and could be
separated into the various cooling regimes: forced convection at wall temp-
eratures below the saturation temperature, forced convection with nucleate
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Figure 14. Typical Supercritical Pressure Heat Transfer Test Results
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iV, C, Task 1.2 ~ Heated Tube Tests (cont.)

boiling from the saturation temperature to the critical heat flux, and film
boi11ing,

Three tests were dedicated to evaluating coking behavior. Figure 16 shows
the measured temperature responses with various heat inputs; the gradua1
increase in temperature reflects the build-up of the coke layer, 1.e.,
reduced cooling effectiveness of the fluid flow.

6, Data Correlation

Forced Convection

Forced convection heat transfer data were correlated by using the following
equation:

pp.d wme k f T g h
Nup = (K) (Re,)? (Pr)C (=) (D) (&) (2 P 2
b b ) () (1 +
w My E;. cpb Pcrit) ( I7Tﬁ
where: Nu = Nusselt number
Re = Reynolds number
Pr = Pprandtl number
P = Density
u = Viscosity
k = Thermal conductivity
Cp = Specific heat
K = Experimental determined constant
P = Pressure
Perqt = Critical pressure
E/B = Length/dfameter from initiation of heating

and subscripts:

b - denotes property evaluated at bulk temperature
W = denotes property evaluated at wall temperature

The constants k, a, ¢, d, e, f, g, and h were determined from the forced
convection data by using a multiple regression analysis computer program,
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IV, C, Task 1.2 ~ Heated Tube Tests (cont.,)

Five cases were.analyzed, as follows:

Cato Coefficiants / Exponents $10
K 4 [ 4 [} { 9. b Suments

1 +00838 .90 A 128,202 193 .,398 -, 024 130 A1l forced.convection dats

2 (00145 1,00 4v  ..227 387 .06 «.299 .,03? 130 ANl forced convoction data
Reynolds numbor. f{xod

3 00845 ,898 4+ =01 228  ,267 .,526 o+ 130 M forc§d convection data
(P/Pcrit removed

4 00532 .889 ,4* «129 381  ,0995 -.432 O J27 Supercritical data

'Pcrit) removed

] «00568 .876 4+ Jd20 -.142 828 .,368 254 g2 Supercritical data

with P/Pcrit term

*Denotes exponent held constant in analysis

Cases 1, 2, and 3 utilized the data from all twelve tests. In cases 4.and 5,
tests 106, 109, 110 and 111 were deleted. In all cases data points infly-
enced by oscillations or poor energy balance were not used,

Figures 17 and 18 plot the recommended forced convection correlations based
on all data and supercritical data only (cases 3 and 5),

Nucleate Boiling and Burnout Heat Fiux

Burnout heat flux data are plotted in Figure 19 and correlated by:
P3.0, = 0.5 + 0,00027 V ATsub
where: P3.0. = Burnout heat flux - Btu/in.2 sec
V = Fluid velocity - ft/sec
ATgyb = (T saturation - T bulk) - °F

Nucleate boiling data were correlated in the following manner:

Pro= Broc. + Py,
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IV, €, Task 1.2 ~ Heated Tube Tasts (cont.)

whare: §r = Total measured heat flux = Atu/in.2 sec
Pr.c. = Assumed forced convaction companent when

Twal? > Tgat = Btu/in.? gee -

- PNuc  ® Residual attgibutod to nucleate boiling mechanism
= Btu/in,.¢ sec

The forced convection effect was calculated from
Prc = bE.c, (Tgat = Thutk)
The forced convection coefficient hy . was calculated at Twall ® Tsat

ONyc was then plotted versus wall superheat (T « Teat)s The
rggﬁlts are shown in Figure 20, wall sat

Coking Correlation

Coking data are plotted in Figure 21 in the form of coking rate versus the
reciprocal of absolute temperature. A dashed 1ine representing RP-1 rates
(Ref. 11) 1s shown as a comparison..

Coking rates were calculated from the test data using the following model:

COKE TUBE
LAYER WAL
L~ TuALL
T T
cooLant MY T
FLOK-Tb FILY

TEST SECTION

b —e
T

A A o Teum . . Tau
| Reoke ReooLant
HEAT MODEL
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IV, C} Task 1.2 - Heated-Tube Tests (cont.)

In this model:

Twa11 = Calculated inside tube wall temperature
(from test data)
Tfiym = Effective coolant film temperature
Thylk = Bulk temperature of coolant (from test data)
5 = Heat flux (from test data)

1/h, where h is the measured heat transfer . —
coefficient

Recoke = Thermal resistance of coke layer

Reootant =

Tey zs assumed to be the reference temperature at which the coking is
occ

&wr ng. It i1s caleulated as
Tedyim = Twatll = (Reoke B)

or Tritm= Tp + (Regolant ?)

Initially  Regre = 0 and Teqim = Tyalte

As coke develops on the tube wall, Teiym 1s catculated as:

Tedyim = To + Regolant 0)

At constant @, Ty and Rego1ant are also assumed constant, therefore
Tfi1m remains constant and acoke is calculated from Reoke = (Twall =

Tfiim) /@
Reoke 1s measured as a function of time and a coking rate defined as

Rcoke'
At

at the effective temperature, Tfilm

Upon change of power level, P, a new T¢yy, 1 calculated as: Teiim =
Twall (Rcoke [current value] @) whereupon the procedure {s repeateg.

7 Test Section Inspection 7(]5?

Test sections used for the supercritical and cooling test series were split
into two halves, as shown in Figures 22 and 23.

Small amounts of coke can be seen in some of the supercritical test sections
(short duration exposure), while blackened tubes were characteristic of the .

s
!
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TEST SECTIONS - CORING SURIES |
TUBE MATERIAL: MONEL v 000
TUBE DIMENSTON: . 12% IN. O, x 015 TN, WALL & 507 11

e I 1Y

e L |
TEST:  HTB6-797-107 '
VELOCITY - 48 FT/SEC |
PRESSURE = 1300 PSIA
ThaL) max = 17207F
dypy © 5-8 BTU/INC-SLC

- PROPANE GRADE: NATURAL

L

; ][ TEST: HTB6-797-108

) VELOCITY = 160 FT/SEC -

5 ! PRESSURE = 1800 PSIA : ‘ o

- TwaLL max = 732°F ' o

= ]’ omax = 10-4 BTU/INC-SEC :

¥ l PROPANE GRADE: NATURAL ;

I t
|

TEST: HTB6-797-112

el

VELOCITY = 50 FT/SEC
PRESSURE = 1800 PSIA

L]

TuaLL max © TT6A°F

| bypy = 6-20 BTU/IN-5EC _
| PROPANE GRADE:  INSTRUMENT g
l Figure 23. Test Sections - Coking Series
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IV, €, Task 1,2 ~ Heated Tube Tests (cont.)

8. Propane Purity

Two grades of propane were purchased for this program = natural and instru-
ment grade. Nine cylinders (20 gallons each) of natural grade have been
used. Five of the nine were purchased from Matheson and the remainder from

Liquid Carbonics.

The initial run tank fill consisted of 5 Matheson and 2 Liquid Carbonics cyl-
inders. An additional cylinder was added on 16 April 1980. A sample of the
run tank contents was taken on 23 May 1980 after completion of heat transfer
test #107. Propane purity was near nominal, 95.4%,

Prior to initiating heat transfer Test #108, an additional cylinder was
added, and Tests 108 through 111 were completed. On 1 July 1980, a sample
was again taken prior to purging the system for addition of-dnstrument grade.

The analysis showed an unusually low propane content, 87%, while ethylene and
butane components were each up to 5%,

On 18 July 1980, following Test #112, the run tank and unused cylinders of
product were sampled. ‘

Sample results are tabulated on Table XIII,
D. TASK 1I1 - PRELIMINARY ENGINE SYSTEM CHARACTERIZATION

1. Objective

The objective of Task III was to characterize engine LOX/hydrocarbon systen
parameters, in particular performance and weight for LOX/hydrocarbon orbit
maneuvering and reaction control system thrusters.

The Task 111 results formed a basis for a related contract, LOX/Hydrocarbon
Auxiliary Propulsion System Study (Ref. 4) conducted by McDonnell Douglas
Astronautics Company to characterize the engine pod system. ALRC also sup-
ported this program under subcontract, to provide additional parametric data.

2. Scope

Task 111 was conducted in two phases. "Baseline" engine point designs were
evaluated in the initial phase and “parametric" engine point designs in the
following phase.

Thirty-eight OME and twenty RCE design points were analyzed on the two
contracts. Of the OME design points, twenty-eight were pump-fed systems and
ten were pressure-fed, The pump-fed systems were primarily gas generator
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Sample

23 May 1980
(Run Tank)

1 July 1980
(Run Tank)

18 July 1980
(Run Tank)

Liquid Carbonic
Instrument Grade,
as received

Liquid Carbonic
Natural Grade,
as received

1

2

PRORANE SAMPLE ANALYSIS

Component, Volume %

Peak shape is similar to butane.

Tentative assignment; retention time is consistent.

is butylene, but no standards were available. .
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One speculative assignment

Ethane Eth,z!eneJ Propane Butane Unknown®
1.32 - 95.4 3.03 0.25
0.56 5.14 87.36 5.48 1.46
0.10 99.00 0.42 0.48
0.04 99.95 0.01

- 1.08 5.23 90.85 2.82 0.02
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IV, D, Task I1I - Preliminary Engine System Characterization (cont.)

cycles in which fuel-rich gas was used to drive separate turbopumps for the
two propellants; commoh shaft concepts were also investigated. Several
expander cycle design points were evaluated. A1l twenty of the RCE designs
were treated as pressure-fed; chamber pressures were in some cases suffi-
ciently high to require pump feed systems, however, and these were evaluated
in the Refaerence 4 study assuming an OME turbopump could service multipie RCE
thrusters. Twelve verhier engine design points were also analyzed in a cur-
sory manner,

3. Raesults and Conclusions

In ganeral, methane and propane were found to offer the highest performance,
with methane being slightly higher than propane. Pump-fed systems had higher
performance than. pressure-fed concepts, by virtue of higher chamber pressure
and higher area ratio within the constraint of a fixed nozzle exit diameter.
Pressure-fed engine performance with ammonia dnd ethyl alcohol was not
significantly better than that of the current engine which uses storable
propellants. Pump-fed engines using methane or propane offered a 50 sec Isp
improvement, however. Performance trends for the RCE thruster design points
were similar for the four fuels.

Engine weights varied inversely with chamber pressur2 for the pressure-fed
OME designs; only one thrust level was addressed. Pump-féd engine weiahts
varied directly with thrust and only slightly wit" chamber pressure. Weights
did not vary significantly with fuel selection ‘n either case.

Key results for ali design points analyzed under both this and the
McDonnel1-Douglas contract are given in Table XIV,

4, Approach

The analytical approach for a given design point was to first calculate the
chamber coolant needs, which determined the turbopump requirements or tank
pressures in the pressure-fed engine concepts. The turbopump requirements in
turn dictated the gas generator requirements. The three components were thus
analyzed sequentially. Thereafter the oveérall engine performance and weight
figures could be defined.

As in Task I, the SCALER or BOSCALE computer programs were used for the
regenerative cooling analyses. The turbomachinery was analyzed with the
TURBO computer program written by ALRC.

. The film-coolant requirements for the RCE and vernier thrusters were calcu-

lated by means of the HOCOOL computer program written by ALRC. This program
is based on an entrainment model in which the core gas {s assumed to be

82




MOTd INION3 TIOL 40 Jdd%««
NOISNILXI JIZZON Y3IINVHOXI LVSH TWIINILOd H04 IONVMOTIV JGNTONI LON O SA5M INISNI NIDIY YOdVA«

VES KL
SS¥d 2
« u 1°98¢ L9%/602 8 ¥°92¢ 09°1 ny-az 0s1 G T
= a L°ElE 902/¢t1 ] ) 6°61¢ 09°1 ny-4z 001  (JVaW) HOHC/X01 ‘
6% o
NIBId @IabIl  Z°/1e 6ST/eb1 11 8°81¢ Ge'1 S 00t (vswN) EHN/x01
« @ v°68¢ 1€2/602 [/ A1 1) A8 nJ-J4z 051 !
a a 0°81¢ OST/ebT ) CEvE 00°¢ IN 001
R AN OB U B CHE o0 Mz 00 (vsw) Pho/xon -
621 -
NISFY aInbI1 87582 18¢/602 S€ L°9¢¢ 6L°1 ny-4z 0st co
T4 ¥0dYA . ;!
%3 marew  0°8IE 191/¢b1 g 0°Lee SL°¢2 N 001 H
KISTY HOAWA
SHE3 paIEY  1°2ZE L51/eht A g | 0°Le€ 8L°2 ny-az 001
»(E°01
NI9R4 GIRBIT T-€2€ E8T/eH1 0t 1508 74 ¢6°1 nJj-Jaz 001 (vsyn) Bu€a/xon
SINGG00 DI  J/X0 "SSIMd I8 oo <Agy; WA TLIVW IS4 54  SIWTTId0Nd
#ININE  J0VAUIINI oL YOL  ¥3EVHO
(9L %9 = *4) J0 034-FuNSSIYd
7 40 L 3bed SLINSTY AP - SIIANLS ITULIWVIYA SV NOSUVIOWUAH/XO
ATX 1691

= v R - ~n - N N A, o 1 Z - ..

AT S S MO WY T g i




INII000 N393¥ WIILTHIYIANS IAVH SNDISIA YHD 3 8HEH Tiesx -
MOTd INIONI TVIOL 40 J44%

m

H
¥°68¢ BEET/0t01 b TIvve ST “ 008/501
NI SSYd 2 1 bop 1211/585 0 Ssee L1 ny-az 00t/%01
. o 0STT/0201 (L°0) 2 €94 2L°1  n)-a7 u
- 6 €28 B2II/0201 (€°€T) OE £°BIE ¥2°I LN 008/%9
- u 9901/04L B 19 9,1 my-az u
., ¥°see ¥80L/0LL (9°0T) S2 2°¥2t  eg°1 IN 009/%9
« a 9501/5€5 8 968 LT no-u7 . (JVaK)
NOILISCE3T [00S ON  £°62¢ ¥601/565 (8°€) OT +t'#ec  65°1 LN 00v/%9  HOSHCI/x01
8°€8t OEET/OFOT  (LI) €€ ¥°/1E €670 " 008/301 (vSuN)
8°9/¢ ¥19/eeSs  (8°S) €1 S°9z2¢  12°1 S3) 00b/301 €HN/XO0T
ITI4T HIIKYAXI J19ISYI4 LON " Mﬁéw u
K33 QIX0  1°28¢ 0Z01/80ET 6 £°59 6g°¢ s  (YSYN
K354 1304 9-g8¢ €211/0401 g 0°99€ e€p°c  ny-az (ySyN) 832
b 28t 086/5¢€S @ 0°95¢  tb°c  nd-az (ySyN) 00t/301
FI342 HIONYdX3 319ISv34 10N -4z  (Wuw)
1343 S J19ISY34 10N IN  (ovau) 008739
FTIAT ¥ITMY4X3 J18ISvY34 iON ny-J47  (JvaW) .
FIIAT HIONHEXT IWISYI4 iON IN  (OVaW) 069/%9
FIIRT WANYEXI  2°ZIE 0STI/SES 6 L°89  0S°€  m-u7 (JyaW) .
FIIAT W\ 2°L1IE 0STL/SES 8 (€98  06'¢ IN (ovaW) .
6°92¢ 0801/S€S g 809 ItE IN (¥SYN) 00b/39 bya/x01
Sdlld [S03S HIIM  S°80% SSTI/0%01 # 8t 282 " u
Sdafld iS008 O/M  9°G6¢ SSTI/0b01 g 2¥9€ €82 o 008/501
¥°€6€ 086/5€S 8 L 188  69°2 u 00b/%01
6°L2¢ 9611/0201 # L8 182 m-az 008/39
. g'se& 086/S€S (6°L) G2 €'t  20°2 ST u
b) 514 e-gze 086/5ES § €65 99°2 IN “ m
B) WON ¢-gzc +0B6/GES «(8°0) £ 6°t5€ 857 N 00t/%9 u\xS
SININKD) IWOIIM  TINJ/X0 -FUNSST4d  J44% OS] N 1. 1WW 2d/*1 SINVT13d0uq
INISNI  IDWWHISIQ dWnd INISNI 3INION3  Y39WVHD
: . W0 034-dnd @
¥ 46 Z abed (*INOD) AIX Favl

‘hlllv‘nw.» . ID.V.!\VI\L.\V! T S

[ rﬂ i 2

nt&ﬂ:ﬁ Q.!Zd r...u.h.hd uﬂu..lws .ﬂdmlh ahﬂ ; Iﬂ.i-& !lﬁl‘ g m v

84

- §

T —



T T SHREEL . AN

P e

“H0dYA GILVUNIVS ¥V SY GILIICNI INVI00D W14 NO SISATYMY TWWHIHL ONY SIWNIVYIAEL
INYTT408d <8N NO Q3ISVE WV SISATYNY IONVWMOSY¥3d. “SNOLLYINITY) IuNSSIyd FVAYIINI 804 Q3ISn«

£°Q2 2£9/805 (€°6) €22 9°cot o1 /9 00v/0(8

g 12 €ab/ece (2°6) 2722 S ¥62 ob°1 1/9 052/0/8

L€ ELT/EHT (18) £'81 862 0e°1 1/9 001/048

76l 2£9/895 {5°8) £°22 080t 6€°1 1/9 00%/0SS

a-az £ag/g2¢ (v°6) 5°22  0-00¢ o1 1/ 062/0S5 A,
g1z ELT/ERT (s8) ¥'61 s-182 62°1 1/9 001/085 M%e: :
g1z PA:7A (2'8) 681 ¢£°882 0e°1 1/1 0S1/0L8 HOSHCI/X01 .
G 12 96E/91E (v'e) 2 9-10¢ 2l°1 /9 052/0.8 (VsSuN)

g1z 92 " (¥6) 02 ¥-262 AN 11 0S1/048 EHN/X01 A
"0z 659 (9°5) 8°02  £-9¢¢ 69°2 /1 (JvaW) ooy/oL8 - i
L°€Z gIE (s°s) 61  2-2ec £v°2 9/9  (VSYN) 052/0/8 : ;
6°02 gzt (1°5) 9-21  g8I¢ Ly /1 (vaW) 0sz/0L8 0 w
8¢ 02 (0°S) z-41  6°¢g1e 8y°2 9/9  (vSwN) 0st/0/8 k
g-zz 952 (6°v) L1 L-gie 692 /1 (VSYN) 0S1/0/8 Yna/x01 .
ez V741 (6°¥) 141 8-20¢ 6v°2 /1 (3vaW) 001/0/8 ) !
$°02 Z6h (r'9) 502 8°8i¢ 6I°2 1 00€/0.8 : '
g1z Yiu/g1c (€79 02 s°sit 02°2 1/9 052/0.8

6°22 9524202 (8°S) 88T  9°S0¢ £2°2 /9 0S1/048

a-zz 952 (6°5) 61  t-sot €22 /1 0S1/0L8 -, {\¥SwN)

I-€z 74 (£7S) 9°81 6762  v2°2 /1 001/0£8 3uta/x01

IS 4/XQ TTuASSTEd i3 Ads] ¥ 3/%0 :3LviS 3d/A4 SINVTI3dO0dd “
YIL EFINL “d0ud #13INI "dOYd

30Y 491-0/8 ONY 391-0SS

# 30 ¢ aSey (*1N0D) AIX I76VL




F &

I e e e e Iy

§ £€
9
i
= "
o2 ]
- 6€
[ 7]
8 "
S -
L
= |74
== “
L
m
wn "
%23 g £2
isr /Y0 *UASSTYE D45 %
YIL 1FWI - do¥d
# 40 ¢ 36ey

-

8°52¢e 81
2°912 9°1
¢"922 u
€°612 AR}
9 e u
¥°6¢€2 u
£°6ee 0G°€
1°6€2 "
9°9g¢ “
¢ 6ce u
0°6ce u
¥-gee SL°¢2
RdsT W
- 30¥ 19152

/s
/1
1/9
/1
3/9
9/3
/1
1/1
1/5
1/3
71
/1

0se
0st
P74
(St
052
CSt
0s1
0oe
0S¢
0SI
0SI
001

4/X0 :31VIS VISd “od

13INI °doyd

(°1NOJ) AIX IT8YL

(Jvaii) HOSHCH/X01

(ysyn) Eun/xon

(vSyN) ¥ia/x01

(¥swN) 8HEa/x01

e ap—— T,

SINYTI3d0¥d

86




L B

(%)

IV, D, Task 111 ~ Preliminary Engine Systom Characterization (cont.)

ontrained by the f1lm coolant gas 19 an annular mixing Tayer along the chams
ber paripherg. It incorporates tho framework for regenarative cooling
analysis. The program was also used to dotermine.tho-f1lm coolant require-
monts for the OME thrusters.

8. Groundrules and Assumptions

Groundrules and assumptions which guided the design goint analyses of the
OME, RCE, and vernier thrusters are identified in Table XV, atong with the
rationale for selection and the impact on the engine design.

It should be noted spectfically that the regenerative coo11ng analysis was
updated for the empirical heat transfer correlation daveloped in Task I for
propane; this correlation was used for both propane and methane in the design
point studies. Also, the gas-side heat transfer correlating coefficient (c?)
profile was changed from the Task 1 parametric studies to reflect the experf-
mental results since obtained by ALRC in hot fire testing with LOX/RP-1 under
contract NAS 3-21030, High Density Fuel Combustion and Cooling Investigation
Reference 12,). Figure 24 shows the much higher cg profiles used for both
low chamber pressure (contraction ratio CR = 2) and high chamber pressure
(cogt:acgiog :atio CR = 3.,3) cases in comparison to the “standard" profile
used in Task !.

6. Technical Discussion

Engine cycles anaiyzed for the OME system are shown on Figure 25. The RCE
was treated as a simple pressure-fed engine similar to the pressure-fed OME,
except that the thrust chamber is film-cooled.

Data sheets summarizing the pressure schedule, thrust chamber thermal analy- S
sis, turbopump and gas generator analysis, performance, and weights analyses o
are given 1n Table XV1 for all baseline engine design points, and in Table
XVII for all parametric design points, ana yzed under the NASA contract.
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TABLE_XVI (cont.) Page { of 16
3.0 PREISURE SCHEOULE
3.1 OME Concopt
PROPELLANTS | LON/C4Hg LOX/CH, LOX/NH,
: COMMENTS
pe/t 100/6K BOOIIOJ 800/10K] 100/6¥ | 800/10K[100/6K BOO/10KA .
{Boost
Pump)
¢ Plonum Pc,.psfa| 100 | 800 [800 s 800 100|800 '
o Face Pc, psia 103 824 824 824 103|824  |Based on A./A,=3.3
. ] 160 160 160 3% ]160 [Based on Chu
o PIny ped 3 Critoria g
 Prev, pat 8 20 | 2 20 5 |20 [Tteal foe b
L L — . 16 18 16 . w1
H

o 8P¢y, s 40 ns s 188 6 290 !
¢ 4P, pid 80 m m 384 56 1486
o Interface or  [143/183 | 10207 | 1020/ - 10207 [143/159] 1020/

pump discharge 13 | nas 1208 1310

pressure (ox/fuql),

psia
¢ apgy'Pe 0.40 | 0.14 | o0.14 <& | 0.23 | 0,16 |0.36

NOTE: Pressure schedules for both OME and RCE en

*Pump-fad min. AP{ng§=0.2 » b
Pressure-fed APind:
o Liquid {njection: min, APY, Y/Pcep.2

¢ Gas injection:

Note: Min. APInJ/Pc occurs at low Pc and high MR corner of operating box.

min. AP{n§/Pce0.15

102
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ORIGINAL PAGE 3
OF POOR QUALITY

TABLE.XVI {cont.) Page 2 of 16

3,2 RCE Concopt

¢ Interface

¢ APinj/Pe
* (ox/fuel)

Pressure, psia

PROPEI L.ANTS LOX/C: Hs . LOX/CHQ v LOX/ NH3
Pc 150 250 180 . 250 150 250 COMMENTS

o Plenum Pc, psta] 180 | 280 | 1s0 250 | 150 250

¢ Face Pc, psia 154| 268 184 258 154 258 Based on Ac/At=3.3

¢ APind, psi* 82...-{38/136 82 38/38 72 38/120 |Based on chug
{ox/fuel) criteria

¢ AP psi 20 20 20 20 20 20 Typical for exist-
TCV, ing engtnes.

¢ IAP, psi 120 58/156 162 §8/68 92 58440

256 |316/414 | 286 316/316 1 246 316/398 .

0.6 10.18/0.54 0.55 ]0.15/0.14 0.48  |0.15/0.48

Erime e

Note: Pregsure schedule 4s based on nominal operating B¢ and MR

*Bagsed on pressure-fed criteria (reference 3.1 OML - uncept).

103

o kasn W AS LS MDA 3

i




h' = ‘IA“, ﬁ__ — ,.' if“. i _ _ ‘.i

!.’ ! ,«I - - g - = ! I; ’I —""!i s - A! J_Ilﬂi:‘i‘;.

.- - -

fay

2\ ety B9
ORIGINAL PECE 10
OF POOR QUALITY.
TABLE XVI (cont,) Page 3 of 16
4.0 CHAMBER THERMAL ANALYSIS
4,1 OME Concepts
PROPELLANTS ' LOX/C4MHg LOX/CH, LOX/NH,
COMMENTS
Pe/F 100/6K | 8007104 800/10K| 100/6K | 800/10K| 100/6K B00/10K ;
{Boost
Pump) " L
o Thrust, 1bs a400 | 9088 8 867  |4s50 |8908
¢ Pc, psia 7% 720 3 720 75 |720
D™ 2.31 | 3.18 g 3.68  [1.495 {1.13
o Moo 3.3 3.15 § 3.68  [1.68 [1.47
o fWox, 1b/sec 9.62 | 18.84 ] 18.79 |8.66 | 14.52
L9
o W 1b/sec 4.6 | 5.98 25 [sr |s79 fo.es
¢ No.of Regen Pasges) (up)] 1 (up) . Ef?% 1 (up) l'(up) 1 {up)| Counterflow
o aPc.d., pst 17 90 g %E 146 7 o
¢ Pejotnpste | 150 [ 1080 | g | B foso [1s0 | 1080
o Pc.j.out, psia | 132 990 § gé 934 143 | 940
o Tc..-in,oF -84 -44 f ':'; 259 |-28 | -28
o Te..eout?oF | 28 186 ~§ §§ a2 3 30
¢ ATC.§.,°F 72 230 5 83 | 62 58
¢ Regence 6,2 23.8 § '::‘2 23.6 6.2 30.9 Radiation cooled
. " ot . «+ poz2le attachment
¢ We, To/sec | 12501 0 . ® &5 | o 0r8a | 2% ?a entrainment
"actor
¢ %Fuel Flim 30 0 g §=| o n 30
: Coolant
o Toretn, °F 28 .‘ . L E ~
[
o Twg max, SFewm| 222! | a3s 8901 | aa0® [ a7e? [y} 1000°F max

NOTE: A1l thermal analyses were performed at low Pc and high MR corner of operating box.
This {8 the most severe operating point.

*Bulk temperature of coolant {s based on coked gas side wall: °3"8 rot/o ¢ 0,42
CH, Qact/Q = 0.765

**Total fuel flow qsed for regenerativeitooling.
***Fuel f1Im cooling does not pass through regenerative coolant jacket.

****Twg 13 bagsed on a carbon free wall surface.
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TABLE XVI (cont.) . Page 4 of 16

4,0 CHAMBER THERMAL ANALYSIS (cont.)

4.1 OME Concepts (cont.)

i
PROPELLANTS LOX/C4Hg LOX/CH, LOX/tiH, :
' COMMENTS...
Pe/F 10076k | 800/104 80o/10k| 100/6K | 806/10k] 100/6K Boo/10K )
(goosg
: ump
1 1 2 1 1 1. 800°F max
o Twy max 187 fres! | T (8% |82 | 200" b’ Yoogor Max
o h arumz-ggc .00133].00493 .00490 |.00094 |.00791
. nh arum"-g:c 00654 0321 0400 | .0186 | .0947
s T oF 1510 | 5950 © |ssa0 | 2773 | 1728
o Q/Ag mex,BTU/ind 174 | 26.3 6.7 |2.20 | 6.9 i
$6C 4 : )
¢ Q/A max,BTU/4ng 1.02 | 16.9 14.6 2,32 {1 7.5 o
. $e¢ ' .
A . ] 2 2] 1. 0.77 max
[ ] max
Ve 0.77' | ma M| 0.59? | 0.542] ] 277 max
s Q Total,Bru/sec| 160 | 868.8 50 | 35 | 617 .
oV max,ft/sec | 38.3 | 136 242 | 281 | 180 ' o
* Ve (Mach No)™*| - .044 0.23 | - - | 0.3 max |
¢ No of channels | 350 | 145 w3 |3z | e .
« Min Ch Depth,in| .03 | .040 036 | .060 | .oa s
¢ APc.J./Pc 0.23 | 0.12 L 4 |03 ]o0.09 | 019 | 5 ii
¢ Limiting gé% T T /A T ﬂ
Criterfa - wl wg. /A wg b
. Bo Tcloseout B0 3
?

*@ max. flux,

105
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. ) TABLE. XVI (cont. ) Page & of 16
i I" 4.2 oncepts
o l PROPELLANTS LOX/C. HB LOX/CH4 v LOX/ NHS
Vo . COMMERTS
" Pe 150 250 180 250 150 250

b - -
l 8. 870 Lb Thruster
¢ Thrugt, 1he §20 520 520 .| s5M 520 520
' .o Pc, psia ' 90 150 90 150 90 150
f e MRy, 304 | 309 | 348 | 357 |18 | 156
] ¢ Mﬁcore 3.85 3.85 4,20 4.4 1 1.96 1.96
o 8o, to/sec | 1386 | 1335 | 1o | ovaaer | 123 | v.0ee
¢ Bes b/sec 442 | .43 | 0400 | .38 | s 697
4 oW, 1b/sec .082 .084 .069 .073 147 142.. |Saturated vapor at
[ | te | injection
¢ % Fuel Film 19 20 17 19 20 20 6% entrainment
) Coolant{of ﬁ,) factor
' [ gag Mixft'if 24?006 %4080 23400 34020‘ 284%0 284%0 2400°F max $mum
¢ 3 Fye] Edln . .9 . . .
of tota] fléw
o 25°C8 thrustors )

Eonfgp;R;s]szmi}ar
0 -1 ignite
l o Thrust, 1bs which?has duct f11

¢ Pc, psia coonn?. Core MR
o MR is 20:1 to reduce
TCA Twg. Selectaed
) o R overall MR is at
b - core Max. Isp.

) ‘fox. Yb/sec
¢ Wy, 1b/se0

. ﬁffc. 1b/s<e

o SFuel FiIm
Coolant
¢ Taw Max, °F
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' TABLE XVI_(cont.) Page 6 of 16
. ‘I
' 8.0 TPA AND GGA ANALYSIS
' 8.1 g!s ancggtg .
' ' "PROPELLANTS LOX/C Mg LOX/CH, LOX/NHy
COMMENTS
PUMPS MAIN HALN + MAIN MAIN .
! .
o Pumps L .
; o Wy, lsm/sed 20.39 0.39/22.3|  20.84 15.84
l .« W bm/sec| 6.80 6.8/7.3 5.96 14.98
o NPSP psia 20.3 1.0/37 4 34
4 [ .
l o PSP, psia | 203 1.0/25 12,3 23
‘ (] Piox. psia 35 15.7/5% 56 49
l ¢ Py psia 3% 15.7/39 27 38
d ¢ Py, Psta | 1040 51/1040 1040 1040
* .
l o Ppe, psia 1188 39/1185 nes3 1330
'  Toox, R 162.7 162.7 162.7 162.7
I . Ts, °R 416.2 416.2 217 432
‘ *
' ¢ Spec. Spd | 1592 4157/1573 2870 2500
I e Spec SPd, 1546 Jarsr/1184: 1293 1,870 ;
- ¢ Suct.Spec. | 30,000 30Kk/20K 30,000 30,000 .j
Spdox .
YT ¢ Suct.Spec 30,000 30K/20K 34,750 35,770 .
f Spdf ¢ !
o "« No. of 1 j
. I Stages,
a ' ¢ No. of 1 ;
. Staﬂelf .
B . .
1

*Boost Pump/Main Pump
NOTE: See page 3 of 3 for additional pump date
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TABLE XVI (ceont.) Page 7 of 16
8.0 TPA AND.GGA ANALYS!S.(cont.)
' 8.1 OME.Lonéepts {cont.)
'PROPELLANTS [ LOX/CqHg LOX/CH, LOX/NNy
v COMMENTS.-..-
PUMPS MAIN g%“ + MAIN MAIN .
o Imp. Dy, dn} 2.0 2.4/2.1* 1.26 1,23
o Imp. Df. in 1.38 1.8/1.8 1.63 1.62
 Rox, ¥ 62.6 74/60.,3 58.4 57.8
o e, ¥ 8.4 22 /57 59.5 61
9 Turbines -
o Pin, psia 790 936/790 790 790
¢ Pout, psta 79 88/79 79 79
o Pr 10 -/10.0 10 1
. *cs om/sed  0.42 .45 u.278 0.268 For ox TPA
ox
. wmf "1om/sed  0.28 .30 0.231 0.494 For fuel TPA
L
¢ Ty, R 2000 -/2000 2000 2000
¢ Tout, °R 1647 -/1624 1566 1539
¢ AT, °R 353 -/1376 434 461
¢ Spec. Spdox 7.8 7.5 9.3 9.7
¢ Spec spa, 12 9.6 10 14
¢ No. of 1 in 1 1
Stagesox
¢ No. of 1 N 1 1
Stagesf
¢ Tip Dy, in 7.0 13.2/7.5 4.6 4.6
, .
e Tip Df. in 4.0 2.4/5.1 3.9 4.3
¢ N¢, g 67 51/62 64.6 68
on. % 62 46 /64 64.0 64.3

*Boost Pump/Main Pump

NOTE: See page 3 of 3 for additional turbine data
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TABLE..XV1 {(cont. ) Page 8 of 16

8.0  TPA AND GOA ANALYSIS (CONT,)
§.1  QME Conconts (cont.)

‘ PROPELLANTS [ Lox/CyHg LOX/CH, LOR/NH,
;0 pHpPs MAIN HAIN + MAIN MAIN FOMENTS
P l ¢ Gas Ganerator
’_‘-';. i ¢ Pegay psia 800 800 800 §00
y ] . u‘am“ .m/Ic 0.42 0,45 0.28 * 0,268 For Ox TPA
| . ﬁm’ J1om/s 0.28 0.30 0.23 0.494 For fuel TPA
£ I . M 0.36 0.36 1.2 0.57
‘o ¢ Cp.BTY/1bmd 0.64 0.64 0.78 - "0.59
I ] o 1.18 1.18 1.23 1.25
: 4 ¢ MW 20 20 13.5 16.6
- | o Tc,°R 2000 2000 2000 2000
I ¢ Additional Dath
‘ Pumps
¢ Ox{d Flow,GP 128.4 [128.41011 13 100 -
I ¢ Fuel Flow,8 84 ' 84/90 101 158 B
g o Oxid Speed, 45,630 |9,470/42,700 74,550 74,900 ;
¢ Fuel Speed,RPM 90,800 |14,420/67,000 87,250 80,000 , I
I o Impeller Tip| Spd. ' P
ok ¢ Orid,ft/s 394 104 /391 410 402 .‘
¢ Fuel,ft/sek 549 121/529 623 567 .
‘,‘ { ¢ Shaft Power i
i ¢ Oxid, HP 132 3.9 144 133 103 o
- o Fuel, HP 9 1.8n00f 2 202 L
I Turbine o
- ¢ Blade Tip Sfld (u) |
o Oxid, ft/gec 1411 1321400 1500 1500
g l}’ o Fuel. ft/;c 1576 15371499 1500 1500 )
VA ! o Ratio u/spout- .
v ing velocity - '
’ (u/v) : : .
; I o Oxid - 0.32 0.32 0.29 0.32 o
v ' ¢ Fuel. 0.36 0.34 0.29 0.32
: 1 *Boost.. Pur ' e
3 uttp/Main Pump : .
¥ I 109
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TABLE XV1 (cont.) Page 9 of 16

6.0 PERFORMANCE ANALYS!S

6.1 OME Concepts

PROPELLANTS |  LOX/CqMg LOX/CH, LOX/Mi, ;
COMMENTS
Pe/F 100/6K soonod 800/10K| 100/6K | 800/10K! 100/6K [800/10K . ‘
. L3 Pp’ﬁ*; *
¢ Engine Fv, W8f | 6000 {10,099 [10,106 | t [10,084 | 6000 [10,107 :
¢ TCA Fv, bf 6000 | 10,000 { 10,000 10,000 | 6000 {10,000 :
¢+ Engine MR 1.92 |2.82 | 2.8 3.43 |1.25 |93
o TCA MR 1.92 | 3.0 3,0 3.5 1.25 |.94
o Core MR 2.78 | 3.0 3.0 3.5 1.40 [1.40 %m. 00K Isp MR
¢ Film Barrier MR| 0.61 - . . 0.50 }0.38
o Turbine Ex. Fv, fibt - |99 | 106 84 - o7 ,
o TCA gy twsql: 18.50 | 27.06 | 27.06 27.03 |18.82 [31.08
¢ TCA Wy, lom/seq 12.16 | 20.30 | 20.30 21.03 | 10.46 {15.06
¢ TCA W, lbm/sec | 6.3¢ |6.76 | 6.76 © |60 [8.36 [16.02
o Ny, vsec | - oo fors | | Jos |- o7
o % Fuel Film cuoﬂmt o0 0 - ! o |n s ‘
(of fuel flow) a
¢ Eng Wy, Tbm/sec | 12.16 | 20.49 | 20.50 . 213 | 046 1534 :
o Eng W, lom/sec | 6.3¢ | 7.7 | 7.3 6,23 |8.36 16,50 ' :
¢ Eng Isp, Sec |324.3 | 363.8 | 363.4 {366, | 318.8 |317.4 L
o TCA Isp, sec’ [324,3 | 369.5 | 369.5 369.9 | 318.8 321.7
o Core Isp (ODK),spc 350.1] 387.7 | 387.7 #8.6 | 337.8 [362.7 it
o 18Py, tec - e | 4.3 | - |2 E
o Ae/At 44 240 240 236 44 224 Yo
] D ’ 1"‘ 6.48 i 2078 2.78 2.80 6048 2.95 "‘ |
* Dg in 43 43 43 43 43 43 Ve
¢ % Fugl Film Coolant 10.3| - - - 4.9 17 !
(of total flow) i
® Engine Total | 18.50 ' 27.76 |[27.M <+ |27.54 | 18.82 | 31.84
Flow Rate, 1bm/sec L B!
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‘ 6,2 RCE Concopt
l RROPELLANTS LON/C g Low/eH, | LOX/Ng
! | 3 COMMENTS.
Pc i 150 250 150 250 150 250
' I ¢ 870 lbf.Thrug;ggL
) e TCAMR 2,23 | 2.20 | 2.49 2.43 1tz e
7 l o Core MR 2,75 | 2,78 3.0 3.0 1.40 | 1.40 Max. ODK Isp MR
o TCA w“.xw ¢ 1.97 | 1.90 [1.98 3.9 1.67 | 1.82
] o TcAW tom/sqe o8| .86 | 79 | 9 | 140 | 1.3

°% (of tu 19 20 17 19 20 20
u""" 1ow) (5.9)4 (6.3) | (4.9) (5.5) (9.4 | (9.4)

o TCA Isp, Sec| 305.4 | 3155 313.7 322.2 | 292.4 |301.6

'Y ;:o:e 1sp{00OKY, 399.7 | 351.7 3471 358.1 327 .3 337.0
Q

-Au.‘ -

4L YRR A Gl e B R RY

o Ae/At z 4 27 46 25 | 46
‘ o 0, 0 2.00 | 186 | 2.02 1.56 2.06 | 1.56
3 ) ] v Dy, in 10,6 | 10.6 | 10.6- | 10.6 10.6 | 10.6
= o 25 1bf Thrusterd .
&Y ] ¢ TA MR 215 | 275 |30 | 30 1.4 |14
B
¢ Core MR 20 20 20 20 20 20
% . } e TCA Wou,Jom/sc 080 | 077 |.080 .078 066 064
= o TCA W,,bo/se .029 | .028 |.027 026 .047 046
- l .mm.(:;o:?ta 2 23 21 a1 | 3 39
) o TCA lsp, sec| 229.0 |236.6 | 2353 | 2416 | 219.3 | 226.2
- o Core 1sp(ODK), - . . . . .
a sec
’ ¢ Ae/At 27 % 21 a6 25 46
1 ¢ 0, fn 0.36 | 0.27 | 0.3 0.27 0.3 | 0.27
3 o 0, i %80 | 1.80 | 1.80 1.80 1.80 | 1.80
T *F{Im cooling as ¥ of total flow
;T m




e B P e

B

At

. e

g ,
; i
3
Ao
‘
Y
i
.

(W

OF rvuow Q‘Uhuﬂ

“

TABLE.XVI (cent, ) Page 11 of 18
7.0 WEIGHT (LBM)
7.1 OME Concepts
PROPELLANTS LOX/03H3 LOX/CH4 LOX/NH3
COMMENTS
Pe/F 10076k | 800/10K 800/17x] 100/6K | 860/10K{ 100/6K [B00/10K
(Boos?
o TCA (each) Pump’
. Chambar 93.0 63.3 63.3 65.1 71,0 1621
. Nozz2le 82,3 | 719.7 | 197 80.8 81.2 |82.7
. Controls+TCA! 18.3 19.3 1.3 19,9 ] 18.3 119.3 | Does not include
Instr. T |V o 3T 1968 j7ae | TCA Valve
] ;hrust‘StructurQ 1.3 | 30,6 | 30.5 30.5 21.3 [30.5 | Scaled from OME
$3Y.
¢ Gimbal System 82.9 74.4 74.4 74.4 52.9 |74.4 Scaled from OME
[ g;:m?tn/f 1y 21.7 | 16.9 ] 20,9 16.9 21.7 11e.9
¢ ox/fue - 24.7/5. 28 6/11. .6/6. - .
| o Boost Pump(ox/fiel)* - -, ,3/% % 7.8/6.00 7 7.5/73
¢ GGA (ox/fuel)*. . 2.4/2.412.4/ 2.4/2.3 - p.3/2.5
¢ Controls & Inste 7
. TCA Valve 21.0 21.0 21.0 21.0 21.0 12,0
. gneumaeig Paqk 766 .6 7.6 7.6 7.6 7.6
. Purge Valves
. Insgru? 2.6 | - 9.6 %..6 99?6 £6 9‘?6
+ GGA V&\V&S* - 758 7.8 7.8 - 7.8
. TPA Controllgr* . 22.8 | 25.0 22.8 - 22.8
+ Boost Pump* . 8.4 __L_ - . .
Circuit Valv?s
31.2 | 68,8 |79.4 68.8 3.2 |68.8
Total, 1bm 323.1 |396.5 LM.O 182.6 317.7 1383.8

*For two TPA's double thesc welghts,

12
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TABLE V1 (cont.)

RCE Concopts

Page 12 of 16

PROPELLANTS LOX/C,Hy LOX/CH, - LOX/NH, ' .
Pe 160 250 | 180 250 150 250
¢ 870-1bf Thrugten
¢ TCA (each)
. Valves 2.5 3.4 2.6 5.3 2.3 30
+  Injector 8.3 4.2 8.3 4,2 6.3 4.2
+  Chambar/Noz21 N 4.8 4.8 4.8 4.8 4.8
+ Insulation ¢ | 9.4 9.4 9.4 8.4 9.4 9.4
Msealloneoust o= | 75 |o5s 237 | oF |
¢ Propallant Con.
ditioning
+ Heat Exchangep . 26.3/- - 26.3/26.4 - 23.7/-
(ox/fuel)
« GGBA(ox/fuel) | . 5.5/ . 5.5/4.5 . 5.7/-
¢ Controls & Instr{ _ [31.8 - 62,8 '-r' 2.4
+ Pressure Reg. ‘ 6.2/2.0 6.2/6.2 .2/2.0
(ox/fuel) / 1% 6.2/
+ Accumulator 7.6/3.8 7.3/7.3 7.4/4.2
Valves (ox/fudl)
. TPA GGA Valves 1.8 7.6 8.5
+ Prop,Cond.GGA 3.3 10,9 .9
Valves
+ Main Propellant 4,3/3.8 4.2/4.9 .5/4.2
Valves(ox/fuel)
+ Instr, 14.4 19.2 14.4
+  TPA Controlle _L_ 36,0 1 |30 I
89.2 109.8 92.3
13
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e

7.2 RCE Conconts (continucy)

PROPELLANTS LOX/CqHg LO/CH, CLON/NH, ' x

pe - 180 280 | 150 250 | 150 250 COMNENTS |

- ¢ 25-1bf Thrugte ?
- TCA (cach) ¥y W05 | My Mt 1.0 | W Wy0.5 |Wy 15 notation for.

the basic 25-1bf
thruster waight
which {8 5-10 1bm,
Deviations shown :
reflact valve —
weight differences '

.i,.i y I .I‘i-'.

o

o
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TABLE XVI_(cant,) Page 14 of 16
+ 8.0 ENVELOPE/SIZE
8.1 OME Concapts
PROPELLANTS ' Lox/csna LOX/CH4 LOX/NM3
COMMENTS
Pe/F 100/6K BOO/IOIJ 800/10K] 100/6K | 800/10K1100/6K 1300/10 .
d (Boost
¢ TCA (cach) Pump) Samo as existing
TCA (approx, 77"

. Longth, in, ‘. . . . . . “ X 46")

. Nozzle Dia.in - . . . . . “
¢ TPA (ox/fuel)

. Leﬂgthg ‘nt - ls.s,s.o 502/500 - 3-6,4|2 - 3.6/3-8

+ Diameter, in. . 7.5/4.4 [6.0/4.4] - 4,.8/4.6 - l4.8/4.4
¢ GGA{ox/fuel)

Y Length' 1“0 v 10 10 - 10 - ]0

« Diametar, in . 4 4 R 4 - 4
¢ Boost Pumn

{ox/fuel)

¢ Length’ 1"» - - 5.2/5.6 - - . d

¢ Diameter, in, | - - 4.4/3.6] - . . -
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TABLE X1 (cont.) Pago 16 of 16 T

8.2 REE Concopts

B O = A - ."'-.. . ‘ " ‘ R -_ - -‘;-;. . «‘. SRy

© PROPELLANTS LOX/C4Hg LOX/CH, C o LOX/Neiy
g
Pe vo | 20 |15 | 20 |10 | 20 comEnTS
g 870 Lbf Thrugter . . - . . - Sama as oxistin
. TCA'g ?approx. .
25 Lbf Thruster . - - M . ° M‘h; ag axieting '
, TCA‘s (approx. !
Heat Exchangera 11" X 6") .
(ox/tuel) ‘
l‘ . Length, i . 20 . 20/20| - 19
« Diametar,in - T 12 . 12ht - R
l b GBA's (ox/fuel) S
f . Lehgth, tn [ = woe | - fuaomg - 1.0 :
. Diameter, in.| - B./- | - |53 - 5.4/ o

;ﬁ&i LA e e Tl D

116 L,
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TABLE . XVI .(cont.)

ORIGINAL el 1y
OF POOR QUALITY

9.0 HEAT EXCHANGER AND GGA ANALYSES

Page 16 of 16

PROPELLANTS LOX/C4Hg LOX/CH, LOX/HH,y ~
Pe w0 | 20 | 2o | 20 | w0 | ese | OIS
. Ox Fuel
.“ct Tbm/ e -r 21 ) 6 - 15
oTe,o R 162 162 200 162
oI, R 310 310 380 310
0
o?ci psia $00 900 900 ! 900
*
oo psia 800 800 800 800 Judgment
0,
oy, Tbm/ 3.4 2.9 1.6 2.7
Ty, R 2,000 | 2,000 [ 2,000 2,000 |Fuel Rich GGA -
]
oT, °R 800 800 800 ! 800 |Judgment
o, i
Py, Pshy 600 600 600 600 | Judgment
* .
oy pst 300 300, 300 300 | Judgment
L4
@0, Btu/uw: 2,184 | &,184 | 1,200 | ]1.560
KAl 80 80 80 1 80 Assumption
o W/l 1 0.16 014 fozz | 1 0.18-
17
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TABLE XV1I
PARAMETRIC POINT DESIGN DATA DUMP
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*Pump-fed min, Apinj = 0.2 x Pc

**Includes 15 psi for&P across heat
***Supercritical fuel cool ing,
across a throttling valve,

Pressure-fed OME and RCE Apmg’

/exchanqger (nozzle)

Liquid injection:min. AP

Gas injection: min.AP::J
Note: min. AP

e - 0.2
/PC - 00]5

119

Actual APc.§. = 10 - 13 nsi. Remaining AP {s achieved
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OF POOR
TABLE XVII (cont.) Page.1.0f.16....
PRESSURE SCHEDULE - OME
PRORELLANTS L0,/C,H LO,/CH LO,/NH
£38 24 3 coments
Pe/F 100/6K [150/6K |400/10K B00/6K | 150/6K |400/10K 400730k .
Plenum Pc, psia| 100 | 150 400 800 169 400 400
Face Pe, psia 103 154 412 824 .| 144 412 412 |Based.on Ac/At
(ox/fuel) = 3.3
APing, psi* 38217 50 95 160 50/34 95 93 |Based on chug
(ox/fuel) gﬁgg:{‘fcr exist
APTCV. psi 5 5 20 20 ) 20 20 eggm“ .
%1 ines, psi . . 8 | 16 . 8 g [2% of pe
. APCJ' pst 32¢¢ 172 417%eet 178 38w 417%e 8l
IA P, psi 40/84 | 86/227 {123/568 | 196/372 85/77 [123/568 |121/202
Interface or 143/1567| 209/381) 535/980 1020/  1209/231 |535/98y 533/614
pump discharge J 1196
pressure (ox/fug)
psia
APinj/Pe .35/.17{ n.33 0.24 0.20 .33/.23 | 0.24 0.23
APCJ/PC 0.32 1.15 .03 0.22 0.25 .03 0.20
NOTE: Pressure schedules for both OME and RCE enqines are-at the nominal ooerating Pc & MR,

MJ/Pc-occurs at low Pc and hiah MR corner of onerating box,
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ORIGINAL PAGT. B
OF POOR QUALITY
TABLE XVII (cont.) Paga 2 of 16
PRESSURE SCHEDULE - RCE
r -
PROPELLANTS L0,/C4Hg LOy/CH, ‘
. COMMENTS
Pe/F 100/8%{ 1560/870 | 300/870 | 150/870 N .
¢ Plenum Pc, psfa| 100 160 300 150
¢ Face Pc, psia 103. .| 154 309 154 Based on Ac/At
ox/fuel) s 3.3
o APing, psi* 54 28/82 163 30 Based on chug
n | ottt o
¢ AP 0 0 20 20 ypical for exist
TV, pst engines
. Apnnes. ps - - - - 2% of Pc
. APCJ. pS“ - - . - -
¢ I8P, psi 74 48/102 '| 183 50
¢ Interface or 127 202/256 | 492 204
pump discharge -
pressure (ox/fud)
psia
o APinj/Pc .54 .19/.55 .54 .20
¢ 8Pcispc . . . -
120
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TABLE XVII (cont,) Page 3 of 16
CHAMBER THERMAL ANALYSIS - OME CONCEPRTS
[ eroveriants  [Lowseqg lorseng tox/cans] LO/CHILON/CH, LOX/CH, LOX/NH}] o
Pe/F 100/6K | 150/.6 400/10 800/6K |150/6K | 400/10K} 400210K .
¢ - Thrust, 1bs 4500 | 4500 |9000 [s5400 | 4s00 | 9000 {9000
o Pc, psia 75 | 1125 !360 720 na.s 3o 360
» MRpcn 3.30 |24 294 315 |a08 [3.68 [1.28
¢ MRoopg 3.3 |33 |2.94 [3.15 |4.08 |38 {1.47
o Hox, 1b/sec 10.23 | 8,94 [19.00 |10.95 |10.47 |19.76 }15.96
o Wy 1b/sec 3.0 | 417 |6.43 [3.47 2.8 |6.37 |10.86
o No.of Regen Pasfes 1 1| 1 | 1 1
¢ oPc.§., psi 5 76 |n 132.8 |18 8 63
Pc.d.~-tn.psia | 131 197 1200 |1080 | 197 1200 |630
¢ Pc.i.out, psia | 126 121 |nes  |ear.2 |is2 ne2 |s67
o Te.du-in.oF 90 |-44 [-90 -4 |60 [-289 |-28
¢ Tc.j.-out, °F | 379 28 12 202 641 -82 |12
o ATe.d.,°F 289 72 156 26 |80 177 |40
¢ Regenc 623 |6.23 [l0.60 (2376 |6.23 [10.64 |6.73 | Rediation cooled
- . . - area ratio
¢ .ﬂ"c. 1b/sec - 1.46 1.4
¢ XFuel Film - 35 - - - - 13.0
Coolant .
* Tereen, Ff - B - 1 | .
¢ Twg max, °F 802 161 787 949 1000 782 747

This is the most severe operating point,

121

"Note: A1l thermal analyses were performed at low Pec and high MR corner of operating box.
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TABLE XVII{cont,) Page 4 of 16
CHAMBER THERMAL ANALYSIS - OME CONCEPTS (cont.)
' § ~ v
BROPELLANTS - LOX/CHg LOX/CaHg LOK/C My LOR/CoHyLOK/CH, LOK/CH, LOR/MH, i
Pe/k 190/6K | 150/6K | 400710k | 800/6K |150/6K Ja00/10k|400/10K .
‘o T"‘l max 800 144 744 780 995 738 160
# ng, BTU/in’-sac | 000anf .oovas | .oozez| .oar | -000988| .cozee| .ooseq '
o nyt BTU/inz«'-g:c 100138 | 00986 | .0132 | .0200 | 00187 | .o134 | 087
s Tr!oF 8346|1518 8740 | 6909 | 6345 | 8740 | 2233
¢ VA, max,800/10d 1.81 |2.60 | 1.5 | 23.60.] 4.88 | ya14 | 547
$8C
o Q/Ay max,870/4n] .40 |1.41 6.37 |11.97 | 103 |s5.70 | 6.25°
sec ' i
[ ] Q/A m“g ot 077 - - - - ..454
o Q18%1,8Tussec| 186|170 584 |54 | 526 | 1080 | 463
¢ Vo maxft/sec | 155 [51.8 | 47.2 |106.0 | 308 | 39.8 |
¢ Ve (Mach Nojmex| +181 - 014 | .os8 an 025 - 0.3 max
¢ No of channels*f 323 | 263 207 nz 263 206 208
o Min Ch Depth,tn{ .082 |.030 .084 |.030 | .040 .099 | o080 030 in.—min,
¢ Limiting T T
Criterda LT = Rl RO I I LU
¢ Chamber 2.0 |20 3.3 |33 |20 [a3 [3.3° X
Contraction
Ratio . . C - -
¢ % Fuel Regen. 40 100 wo |10 |4 o | 100
Cooling )

* 3 max-fiux, ' A
**At throat land width =..030" and channel width = ,0325%

122
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TABLE XVII (eont.) Rage 5 of 16 |
. ' ‘I
I CHAMBER THERMAL ANALYSIS - RCE CONCEPTS |
T PROPELLANTS | LO,/C,H, o [oyren 3 |
: l - . COMMENTS.
e Pe 100 150 300. 150 '
l ¢ 870 Lb Thruster Chamber 1.D. =
4 o Thrust, 1bs | 520 518 527 520 3.9
¢ Pc, psia 60 90 180 90 ’ B
] o MRycn 313 | 333 ¢ 3.0 | 3.8 3
’ ¢ MRogre 3.85 3.85 3.85 4,20 '
| & . ﬁ,. 1b/sec 618 | .00 | L399 | .3
. oy 1b/see . . . 064 Saturated vapor
. tres 096 076 082 | .06 tafection. &
¥ ¢ % Fuel Film. | 18.6 18. s 20.5 17.2 6% entratnment
o Coolant (of ) factor
& o m Max, °F 2400 2400 2400 2400 2400°F maximum
i i’ §1 19,14, 4.5 ) 3.8
B ' ] 25 ?.% rusters 2ontep}kgs]s:m1}z ;
0 Lo - n
3 i ¢ Thrust, 1bs uhichznas ducg & ’
. 1 ¢ Pc, psta coonn? Core MR
' o MR i8 20:1 to reduc:
TCA Tu? Se1ected ov:
‘ ¢ MR MR {s at max :
] core 1sp. ':
- : . N 1b/sec ‘
i . wf. *18/3e0 :
. | o Wppe, Torsec | ' §
i .« SFuel Fiim :
A . Coolant N
"E I ¢ Taw Max, °F Lo
I - s
}
23* l v
e G
% ¥
! ] A
g
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TABLE XVII (cont.) Page 6 of 16

TPA AND GGA ANALYSIS.- OME CONCEPTS (1 of 3)

L] ’ '
‘| PROPELLANTS L0,/G4H LO,/CH, LO,/NH,
A a/Chy 2/ Ny F—
Pe/f - |'doos1ok 800/6K 400/10K 400/10K .
o Puitfs , 2
© 0 f, Vom/sed 20,9 129 22.0 . 16,9 . |
. ¢ W om/sec| 7.9 43 | 64 14.0 K ¥ ‘
o NPSP,, psfa| 203 20.3 a3 34.3 C ;
o NPy pata| 203 20.3 20.3 20.3 |
¢ Piox, Pfa | 3500 35.0 §6.0 . " aq0 |
o Ppoe, Psfa | 538 1020 535 533 Y
. PDf. psia 980 1196 980 614 ) j
¢ Tyox, R 162.7 *162.7 162.7 e . 2
¢« T, °R 416.2 416.2 21 ) 432
f, . ,
‘ o Spec. Spd | 2920 1740 | 4920 . 4360
I ¢ Spec SPd, 1318 1140 1130 3150
' - e Suct.Spec. | 30k 30K 30K . 30k :
’ : s"dox ' { ,
- o Suct.Spec | 30k 23K 36K 36K K
I " e Mo of 1 1 1 1 1
' Sugesox . ‘
. o Mo, of \ 1 | 1 ’
!’ Stages, !
L N | t
! !

124
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ORIGINAL PAGE 18
- l OF POOR QUALITY
o I TABLE XVII (cont.) Page 7 of 16
o ' TPA AND GGA ANALYSIS - OME CONCEPTS (2 of 3)
. "PROPELLANTS L0./C.H . L0./CH L0./NH
 fr 2ldl L 22 COMHENTS
' L P/ | 40010k | d00/6K 400/10K 400/10K .
. ¢ Imp, Oy, dnf 1,48 1.48 1.00 0.96 °
’ l o Imp. Dp 40 | 1.60 1.40 1.80 1,30
. * Nox, * " 61.9 69.6 56.4 5.4
T l * n¢, * 59.5 56.6 §9.0 59.0
fnigt ¢ Turbines -
o - ¢ Pin, psia 390 790 390 390
o l ¢ Pout, psia 39 79 39 39
. Pr 10 10 10 10
» o W . 1bm/set o0.22 0.24. 0.18 0.14 . for Ox TPA
ox
] l . ﬂmf"wmlse 0.26 0.19 0.23 0.24 var Fuel TPA
; - ¢ Ty, R 2000 2000 2000 2000
'ﬁ-ﬁ" “ l ] g:%“&u;"ﬂ 1682/1603 |1646/1628 | 1565/1579 1639/1518
= ¢ Ar, 'R 318/397 | 3847372 435/421 461/485
;—4' ] ¢ Spec. Spd,, 8 .5 9.4 9.7
= ® o Spec Spd, | 19 0. 17.0 13.3
2 | e No. of 1 1 1 1
' . Stagesox i .
aa ¢ No. of 1 1 1 o
g _ . ,Stages,
= l | ¢ MpOy, Il 50 | s 4.7 4.7
'2?, o Tip Dy, in 4.1 3.9 3.9 4.4
i l o Ny g 69 66 62 68
o on,. % 56 62 64 G4
1% 1
;
. ' | 125
198
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ORIGINAL PAGE (8
OF POOR QUALITY

TPA AND GGA ANALYSIS - OME CONCEPTS (3 of 3)

TABLE XVII (cont.)

Page 8 of 16

r . ;‘ “+
PELLANTS L0,/C,H L0,/CH LOs/NH
PRO L0p/C3tg 2/ o/ WMy COMMENTS
Pe/F 400/10K 800/6K 400/10K 400/10K .
9’ Gas Generator
¢ Hgg  o1bm/dec 0.22 0.24 0.15 "0.14
oxX l
¢ ﬁeef.lbmle 0.26 0.19 0.2 0.24
¢« M 0.36 0.36 1.2 0.57
¢ Cp.BTU/lbmt 0,64 0.64 0.78 ' 0.89
o 1.18 1.18 1.23 12
¢ MM 20 20 13.5 16.6
.6 TR 2000 2000 2000 2000
¢ Additional Dath
Pumps
¢ Oxid Flow,GPM] 132 76 138 106
o Fuel Flow,GPM 134 53 109 165
e Oxid Speed ,RPH 45,070 59,200 72,600 72,600
¢ Fuel Speed, 84,500 87,250 87,250 77,500
. Imge'ner Tip Bed. )
o Oxid,ft/sec] 20 377 317 304
¢ Fual,ft/sec] 590 833 686 440
¢ Shaft Power
¢ Oxid,Hp 64 7% n 54
¢ Fuel, P 94 66 106 95,4
.« Turbine:
¢ Blade Tip Spe(u}
¢ Oxid,ft/se 1,000 1400 150 1560 .
¢ Fuel,ft/se 1,500 1800 150 1500
sRatio u/spouty
valocity (u/v)
¢ Oxid 0.23 0.32 0.29 0.32
¢ Fual * 0.34 0.34 0.29 0.32
1 |
126
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TABLE XVII (cont.) Page 9 of 16

PERFORMANCE ANALYSIS - OME CONGEPTS

| ] pRoPELLANTS [ /gl L0y/CH, ngg ——
, Pe/F 100/6K | 160/6K | 400/10k| 800/6K | 150/6K | 400/10K av0r0d .
J ¢ Engino Fuo 16F | 6000 | 6000 [10,068, 6,081 | Gooe  |1o,06 [10,08e |
. ¢ TCARv 1T ) 6000 | 6000 f1o,000 6,000 |00 | 10,000 | 10,000 c
] o Ergine MR 298 [ 119 (269 |28 [340 | 3.0 | 1.2 ' |
o TCAMR . 278 | w7 280 [3.00 340 | 3.0 { 1.20
g o Core MR 238 | 276|280 (3.00 [3.40 | 3.80 | 1.a0 |Max OOK 15p MR
¢ Film Barrfer MR| . - . . .
K ¢ Turbine Ex. Fv.ibf . - e |a . 62 | 48
| ¢ TCA t?m’ 1bm/see 17.80] 16.37 |28.15 |16.01 17.33 }27.88 |30.41..
,}' o TCA Uy, Ton/sed 13.08| 1179|2074 r2.or [ 13,38 | 21,68 18.71 ;

TCA ﬂf. 1bm/sec 4.751 6.58 | 7.41 | 4.00 3.94 6.20 |13.70

ﬂt“rb‘ HMI/SQC - - 048 . 43 - ' .38 . 38

% Fuel F{Im Cooldr ¢ 35 0 0 0 0 13 ‘ |
(of fuel flow ' ‘

=

¢

¢ .

¢ Eng Ry, bm/sec | 13.05 [11.79 |20.87 | 12.12 13.39 | 21.89 |16.88 ‘
© Eng W lom/sec | 475 | 6.58 | 7.76 | 4.32 .94 | 8.37 [13.9
®
¢
.

Eng Isp, Sec 337.0 [326.7 35ty | 368.7 | 346.2 | 3s6.0 | 306.5 .
TCA 1sp, sec’ | 337.0 [326.7 [3s8.2 | 3747 | 3se.2 | aee.s 328.8 | ;
Corw Isp (ODhs_ e 380.7 376 | 394 | 3s0.8 | azs.e co

STy
¥ ]

¢ Ae/At 4 67 18 404 89 Ne ¢ Lo
g ¢ 0, in, 6.3¢ | 8.26 1402 |214 |92 |4.00 [4.14 Ve
: ¢ Dgs in 4 1e Jas [ as e e | oo
¢ X Fue] Fiim Coslan ¢ 12s | e 6 e 0 5.8 o
(of total fiow) : , .

=

‘ .
¢ Engine Total Flow 17.80 | 18.37 28.63 | 16.44 [ 17.33 | 28,26 ' 30.79
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XVI1I (cont.)

ORIGINAL, §lis [
OF POOR QUALITY

PERFORMANCE ANALYSIS - RCE CONCEPTS

Pagn 10 of 16

" PROPELLANTS LC,/C,l Lo,/c, | -
, Aedd et COMMENTS,
Pe 100 180 300 150
! '
[ ]
e TCAMR 2,24 2.23 | 2.19 2.48 Max ODK Isp MR
¢ Cora MR 2.75 2.7 | 2.75 3,00
. ITAI%bem/ecaoz .97 | 187 1.97
0 ruaaqum/s~ .90 .88 .86 80
% Wye.(of fua] 1. 8. 20,5 12,2
¢ Corg Isp{obK), )
sac
¢ Ae/At 18 27 56 27
* 0, in 10,6 10,6 10,6 }o.s
[o 25 1Bf Thrusterd
¢ TEA M 2.7 2.75 2.7% 3.00
¢ Core MR 20 20 20 20
e TCA ﬂox.tbm/:kc .082 ,080 077 . 080
s TCA w,.lbm/: .030 .029 . 028 .026
¢ 2 ﬂff°(°{of?° 23 23 23 21
W
¢ TCA Isn, sec| 223.4 | 209.2 | 230.1 |235.4
¢ Cora Isp(OuK), . . . .
. sec
o Ae/At 18 2? 56 27
¢ 0, fn .42 .35 .24 .38
¢ Dgy, 10 1.80 1.80 180 | ae0
*FiIm cooling as % of total flow
128
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TABLE XVII (cont.) Page 11 of 16 !

e

WEIGHT (L.BM) - OME CONCEPTS

®

PROPELLANTS

. LOa/CH L0,/NH ,
| LOsfiolla £ Loy coments |
. Pe/F 100/6K| 180/6K |400/10K | 800/GK | 180/6K la00/10K Jqoomm " 1‘
K ? o TCA (cach) |
= . « Injoctor 19.6 14.0 18,7 4.5 13.2 16.6 16.8 ) !
= . + Chamber 77.6 62.9 | 66.3 36.8 58.2 57.4 47.9 . ‘
S + Nozz10 79.6 | 78.0 | 79.6 | 8.8 [ 77. 79.1 | 81.6
s, Controls+TCA | 1.3 18.3 | 19,3 19,3 18.3 19.3 19,3 |00as not {include
- PR Instr. TCA valve i
3 196.0 |163.2 |179.8 (W61 |1e6.8 - f171.4 | 1686 |
T 0 Thxgst Structurd 21.3 | 21.3 | 20.8 21.3 21.3 30.5 30.5 |Scaled from OME ‘
i 8. |
o Qimbal System 52.9 82.9 | 74.4 62.9 52.9 74.4 74.4 lScated from OMC ;
¢ mxm 1'n’" 217 17,2 |18.2 16.9 17.2 18,2 18,2 |
bl [ ] TF ox 'uai” . - - 10.2/6.5 1‘08/806 L 7‘6,608 06/609 !
‘i [} BOO‘ PWQ (Ol/ f‘w - - - - - - - H
p ‘ GGA (OX/NG])" 4 - 204/206 203/203 - 2.‘,2‘6 34/2t4 ‘
o Controls & tnstil . |
7 + TCA Valve 210 | 21,0 |21.0 f21.0 |20 |¢0 | 21,0 |
R . Pneumatic Pacd 7.6 b e |76 |2e |76 |96 :
d . Purge Valves | - . . . N . < INot required ;
1 * tn‘tr.* 206 206 906 906 2‘6 9‘6 9‘6 )
. . GGA Valves* . . 7.8 7.8 - 7.8 7.8 ‘
V‘ . TPA Controller* - . 22.8 22.8 - 22,8 |.22.8
g . Boost Pump* - . . . . - -
' Circuit Valv N
R 31,2 | 31.2 |e68.8 |68.8 |31.2 |e68.8 | e8.8
3 Total, bm | 322.1 |285.8 P934 - |s2r.9 289.4 [ag2.4 | 376.8 :
1" ' f
,i. '8 .
R R : ‘
f ‘ ’
I ,  YFor two TPA's double these waights ' ‘ ' R
**Plumbing weights are for TCA only. The]y‘ do not fnclude: Purge 1ines, GGA Vines, or :
. turbine exhaust/duct V1ines, These weights for pump-fed OME point designs previously
g ; supplied aret 2,6¢, 2,04, and 10,04 raspectively,
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TABLE XVII (cont.)

WEIGHT (hBM) RCE CONCEPTS

CRIGINAL B0 1

e

OF POOR QUALITY

Paga 12 of 16

- —— ;
~{ PROPELLANTS L0,/CqHg LO,/CH, |t ! ' -
e ‘ COMMENTS
Pe 100 1680 300 180
o §870-1b¢ Thruator
® TCA (ocach)
« Valves 2.6 3.4 2.8 8.3
« Injoctor 6.4 8.3 3.9 8.3
+ Chambor/Nozzllp 4.8 §.8 4.8 4.8
‘ Inﬁa}aéion +1 8.4 9.4 194 9.4
N P T 24.8
s Propallant Cone | .. ac————r—
ditioning
ot ) 5.8/ 5.5/4.5
. OX Ue [y - . .
¢ Controls & Instr. o '
+ Pressure Reg. 6.2/2. .2/8,
ox/fuel) g 8.2/2.0 . 6.2/6,2
» Recumulator 7.6/3.8 ! 7.3/1.3
Valves (ox/fuel]) q
. TPA GGA Valves 2.8 i 7.6
R PrOg.Cond 6GA 3.3 ! 10.9
valves ;
+ Main Prapellany 4.3/3.8 4.2/4.9
valves{ox/fuet) / /
. u‘st?. * 1-404 ‘902
. TFA COM"O”é!‘ i 36l0 36;0 M
89.2 109.8
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i OF POOR QuUALITY
) ]_ TABLE XVII (cont.) Page 13 of 16 ,
a “
~ ENVELOPE/SIZE - OME CONCEPTS
‘_ 1
3'" P wo | 0. | 300 | 160 CORHENTS: -
g |
E , o 25-1bf TRruster |
- 3- TCA (each) L Wgt0.5 | Wy Wgtt.0 | Jug 1s notation for
. 8.0 1bm) . e wataht,
) ]- which {8 §-10 1tm |
; Deviations shown co
i reflatt valve ‘

weight differences

% [ e
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TABLE XVII (cont.) Page 14 of 16
ENVELGPE/SIZE - OME CONCEPTS
PROPELLANTS L0,/Cof L0,/CH, L0o/
. COMMENTS
Pe/F 100/6Kk |150/6K ]400/10K [800/6K [180/6K 1400/10K 400/10K| *
- - - - - - .‘ S ’ 1 t'
‘.TCA (cach) 1n;’?&’?a§§r§x
. Length, in. 77" x 46")
+ Nozzle Dia.in —
¢ TPA (ox/fuel)
. Length, in. - - 6 - é..
. Diameter: in] - - 8 - 8
¢ GBA(ox/fuel) _
. Length, in. - - 10 10 - 10 10
. Diameter, in| - - 4 4 - 4 4
132
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TABLE XVII (cont.

’

ENVELOPE/SIZE - RCE CONCEPTS

Page 15 of 16

PROPELLANTS

pe 100 o | 30 | 180 CoMpiEnTS.
870 Lbf Thruster - - - - $ exfsting
TCA’S lPDf‘OXo 19"
25 Lbf Thruster - - -, - gam as exisﬁn?
TCA‘:(approx. i
Heat Exchanger:
(ox/fuel)
. Length.in - 20 20 .
. Diameter,in - 12 - 12
% GGA's (ox/fuél)
. Length, 1n - 11.0/- - 11.0/11.0
. Dﬂmetet’, 1“. i - 531/" - 5»],4¢3
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TABLE. XVII (cont.)

HEAT EXCHANGER_AND GGA ANALYSES

Page 16 of 16

" PROPELLANTS LOK/CyHg . LOX/CH, -
COMMENTS.
Pc 100 150 300 150
' ox FUEL
ot‘{c. 1om/sec 2 2l o2 s
oTe 4 °R 162 182 o
1
oTe,, R 310 N | 30
oPci psia 900 900 | 900
. .
"’c° psia 800 800 800 Judgment
’
oMy, 1bm/sec 3.4 2.9 1.6
.1“1 R 2000 2000 | 2000 Fual rich GGA
[y . . .
Ty, R £00 ’ 8oo | 800 Judgnent
(% '
°P“1 psia 600 600 600 .
, .
oP, psia 300 300 . | 300 *
0Oy y .
o4Qq, Btu/sec 2,184 2,184 | 1,200
1A 80 80 80 Assumption
WA 1 | o1 0.4, |o.z7
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